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SUMMARY

Inactivation of the p53 tumor suppressor, either by mutations or through hyperactivation of 

repressors such as MDM2 and MDM4, is a hallmark of cancer. Although many inhibitors of 

the p53-MDM2/4 interaction have been developed, such as Nutlin, their therapeutic value is 

limited by highly heterogeneous cellular responses. We report here a multi-omics investigation 

of the cellular response to MDM2/4 inhibitors, leading to identification of FAM193A as a 

widespread regulator of p53 function. CRISPR screening identified FAM193A as necessary for 

the response to Nutlin. FAM193A expression correlates with Nutlin sensitivity across hundreds 

of cell lines. Furthermore, genetic codependency data highlight FAM193A as a component of 

the p53 pathway across diverse tumor types. Mechanistically, FAM193A interacts with MDM4, 

and FAM193A depletion stabilizes MDM4 and inhibits the p53 transcriptional program. Last, 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: zdenek.andrysik@cuanschutz.edu (Z.A.), joaquin.espinosa@cuanschutz.edu (J.M.E.).
AUTHOR CONTRIBUTIONS
M.M.S., A.L.G., Z.A., M.J., K.D.S., M.D.G., and J.M.E. designed experiments. M.M.S., A.L.G., Z.A., M.J., H.N.D., M.C.L., E.D., 
and A.K.B. prepared reagents and performed experiments. M.M.S., A.L.G., Z.A., A.P., S.K., and M.D.G. analyzed data. M.M.S., 
A.L.G., Z.A., K.D.S., M.D.G., and J.M.E. interpreted data. M.M.S., A.L.G., Z.A., M.D.G., and J.M.E. wrote the manuscript. All 
authors reviewed and edited the manuscript. J.M.E. provided oversight and intellectual leadership to the project.

DECLARATION OF INTERESTS
J.M.E. has provided consulting services for Elli Lily and Co. and Gilead Sciences Inc. and serves on the advisory board of Perha 
Pharmaceuticals and on the editorial board of Cell Reports.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.celrep.2023.112230.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2023 May 07.

Published in final edited form as:
Cell Rep. 2023 March 28; 42(3): 112230. doi:10.1016/j.celrep.2023.112230.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


FAM193A expression is associated with better prognosis in multiple malignancies. Altogether, 

these results identify FAM193A as a positive regulator of p53.

In brief

Szwarc et al. identify FAM193A as a positive regulator of the tumor suppressor p53. Using 

genetic screening, FAM193A is found to be required for the cellular response to targeted p53 

activation. FAM193A interacts with the p53 repressors MDM2 and MDM4, destabilizes MDM4, 

and enhances p53 activity as a transcription factor.

Graphical abstract

INTRODUCTION

The critical role of the TP53 tumor suppressor gene in cancer biology is undisputed, as 

underscored by the fact that nearly a third of all human cancers carry mutations in the TP53 
locus.1–3 TP53 encodes a transcription factor that exerts tumor suppression via downstream 

transcriptional programs driving diverse cellular processes with anti-tumoral potential, 

including but not restricted to cell-cycle arrest, senescence, apoptosis, autophagy, and 

metabolic control.4–6 Activation of p53 is triggered by various cellular stress stimuli, such 

as DNA damage, oncogene activation, and nutrient deprivation, which alleviate the effects 

of endogenous p53 repressors, including the homologous proteins Mouse Double Minute 2 

(MDM2) and MDM4.4 While MDM2 inhibits p53 function by masking its transactivation 
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domain and by targeting p53 for ubiquitin-dependent proteasomal degradation through its 

E3 ubiquitin ligase activity,7,8 MDM4 also directly impedes p53-dependent transactivation, 

but it does not directly ubiquitinate p53.9,10 Noteworthy, the MDM2 gene, but not MDM4, 
is a direct transcriptional target of p53, thus creating a negative feedback loop that tightly 

regulates p53 activity.11 In mice, germline knockout of either Mdm2 or Mmd4 is embryonic 

lethal, and the phenotype is rescued by loss of p53, thus confirming the critical role of 

both repressors in controlling p53 function.12–16 However, there is evidence supporting the 

notion that MDM2 and MDM4 play context-specific roles in repressing p53 in different 

adult tissues.17–20

Given that over half of tumors retain wild-type p53, significant effort has been devoted 

to the design and testing of pharmacological approaches to reactivate dormant p53 for 

cancer therapy, most prominent among them are small-molecule inhibitors of the interaction 

between the p53 transactivation domain and the p53-binding surfaces of MDM2 and/or 

MDM4. Since the initial discovery of the first-in-class molecule Nutlin-3,21 many other 

small molecules and stapled peptides have been developed (reviewed in Sanz et al.22). 

Although these agents effectively activate p53 and downstream transcriptional responses, 

their therapeutic value as monotherapies has been very limited so far. In most cancer cell 

types tested, p53 reactivation with these molecules leads to cell-cycle arrest, a reversible 

response of little therapeutic benefit.23 Accordingly, in cell culture and in clinical trials, 

drug resistance appears rapidly via selection of p53 mutant cell clones.6,24–27 Regardless 

of cellular outcome upon MDM2 inhibition, p53 consistently activates a multi-functional 

transcriptional program with dozens of target genes involved in diverse, often counteracting, 

signaling pathways.6,28 Whether cells undergo rapid cell death upon p53 activation seems to 

be defined by a large number of variables, including configuration and activity of the cell 

cycle machinery,29,30 expression and activity of components of the BCL2-BH3) apoptosis 

control network,31,32 activity of other transcription factors co-regulating p53 target genes,33 

and redox metabolic state,34 to name a few. This complexity of the control of the cellular 

response to p53 activation has prevented the identification of clinically useful biomarkers of 

sensitivity and combinatorial therapies.

To gain further insight into mechanisms defining cell fate choice upon p53 activation and 

response to MDM2/4 inhibitors, we first completed a comprehensive analysis of Nutlin 

sensitivity across hundreds of cancer cell lines, which revealed that sensitivity is associated 

with high basal activity in the p53 transcriptional network before drug treatment. This 

analysis led us to identify and characterize one of the most Nutlin-sensitive cell lines, the 

neuroblastoma cell line CHP212, which we then used in a CRISPR genetic screen to identify 

factors required for the Nutlin-induced cellular response. This screen identified 54 high-

confidence hits, including TP53 itself and its target gene BBC3 (PUMA), a known mediator 

of p53-dependent apoptosis.35,36 Through various complementary analyses, we identified 

the screen hit FAM193A as a key positive regulator of p53 function. FAM193A expression 

is correlated with Nutlin sensitivity across hundreds of cell lines, and genetic codependency 

analysis revealed a strong positive genetic interaction between p53 and FAM193A across 

vastly diverse tumor cell types. Loss of FAM193A leads to MDM4 stabilization, lower p53 

protein expression, attenuation of the p53 transcriptional program, and survival upon Nutlin 

treatment. Importantly, FAM193A interacts with the RING domain of MDM4 and forms a 
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ternary complex with MDM2 and MDM4. Last, FAM193A expression is associated with 

good prognosis in diverse cancer types. Altogether, these results identify FAM193A as a 

widespread positive regulator of p53 function.

RESULTS

Sensitivity to MDM2 inhibitors is associated with strong basal activity in the p53 network

To investigate mechanisms defining the cellular response to non-genotoxic p53 reactivation 

with MDM2 inhibitors, we analyzed a dataset available at the Genomics of Drug Sensitivity 

in Cancer (GDSC) database.37 As part of the GDSC efforts, Nutlin-3 was tested on 492 cell 

lines representing all major tumor types for which TP53 status was defined (i.e., 179 wild-

type TP53 versus 313 TP53 mutant) (Table S1). Expectedly, when we partitioned cell lines 

by TP53 mutational status, TP53 mutant cell lines show significantly higher IC50 values 

(Figure 1A). However, wild-type TP53 cell lines display a wide range of sensitivity, often 

within the range of TP53 mutant cell lines, indicating the existence of mechanisms strongly 

affecting the cellular response to p53 activation with Nutlin. In early clinical trials, MDM2 
amplification, which is present in more than 90% of liposarcomas, was assumed to be a 

biomarker of sensitivity.38 However, on average, cell lines with wild-type TP53 and MDM2 
amplification present in the GDSC dataset do not display significantly lower IC50 values 

(Figures 1B and S1). Among cell lines with MDM2 amplification, the well-characterized 

SJSA1 cell line displays a low IC50 value, but many cell lines without MDM2 amplification 

(e.g., CHP212), are even more sensitive (Figure 1B), supporting the notion that MDM2 
amplification is not a clinically actionable biomarker of sensitivity.39

Next, to investigate the potential mechanisms driving this large phenotypic diversity among 

wild-type TP53 cell lines, we employed the transcriptome data available in the GDSC 

dataset to rank genes by correlation between their basal expression (i.e., in the absence 

of any drug treatment) and Nutlin IC50 values (Figure 1C; Table S2). Interestingly, top-

ranking genes associated with Nutlin sensitivity are well-known direct p53 target genes, 

including MDM2 itself (e.g., AEN, CYFIP2, DDB2, BAX, EDA2R, XPC, RPS27L, and 

ZMAT3) (Figures 1C and 1D). This observation may seem paradoxical because MDM2 
amplification status did not predict sensitivity. However, in this context, MDM2 is part of 

a larger signature of p53 target genes whose expression correlates with Nutlin sensitivity. 

To probe this further, we analyzed the top genes associated with Nutlin sensitivity with 

Ingenuity Pathway Analysis (IPA) (i.e., top 100, top 250, top 500, and top 1,000). The 

IPA Upstream Regulator tool identified p53 and its related factor p73 as the most likely 

drivers of the top 100 gene signature (Figure 1E). Thus, high basal expression of p53 target 

genes is clearly associated with Nutlin sensitivity. Furthermore, when we position in this 

ranking a curated list of 103 high-confidence direct p53 target genes identified by GRO-seq 

measurements at short time points of Nutlin treatment in diverse cancer cell types,6 it is clear 

that basal expression of this core p53 transcriptional program is significantly associated with 

Nutlin sensitivity (Figure 1F). This result reinforces a previous report identifying a 13-gene 

signature composed of direct p53 target genes as predictive of sensitivity to a structurally 

different MDM2 inhibitor, the Novartis compound NVP-CFC218.41 In fact, this 13-gene 

signature is clearly enriched among genes positively correlated with sensitivity to Nutlin in 
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our analysis of the GDSC dataset (Figure 1F). During studies of a third MDM2 inhibitor, the 

Daichi compound DS3032b, a 175-gene signature was identified to predict sensitivity to this 

drug.40 Of note, this 175 gene-signature is also highly enriched for direct p53 target genes, 

including all 13 genes in the biomarker predictive of sensitivity to NVP-CFC218, and is also 

significantly enriched among genes whose expression is associated with Nutlin sensitivity in 

the GDSC dataset (Figure 1F).

Altogether, these results indicate that sensitivity to three structurally different MDM2 

inhibitors is associated with strong basal activity in the p53 network, suggesting that the 

response to Nutlin could be determined by cellular factors that modulate the overall strength 

of the p53 transcriptional program in cells harboring wild-type TP53.

A CRIPSR screen identifies regulators of the cellular response to p53 activation

Next, we decided to characterize the cellular response to Nutlin for a select set of 

wild-type TP53 cell lines with a wide range of predicted Nutlin sensitivities according 

to the GDSC dataset, including A549 (lung carcinoma), MCF7 (breast adenocarcinoma), 

HCT116 (colorectal carcinoma), SJSA1 (osteosarcoma), and CHP212 (neuroblastoma) cell 

lines (highlighted in Figure 1B). Nutlin treatment caused strong stabilization of p53 and 

induction of its target genes CDKN1A/p21 and BBC3/PUMA in all five cell lines (Figures 

2A and S2A). However, the apoptotic response was highly variable, with CHP212 cells 

showing the strongest apoptotic phenotype, even above that observed for SJSA1 cells, a 

well-characterized osteosarcoma cell line with MDM2 amplification (Figures 2A and 2B). 

Expectedly, SJSA1 cells, but not the other cell lines, show greatly increased levels of MDM2 

(Figure 2A). A comparative time-course analysis of SJSA1 versus CHP212 cells showed 

that CHP212 cells launch an earlier apoptotic response (Figure S2A). Thus, the CHP212 cell 

line provides a suitable model to identify factors driving Nutlin sensitivity in the absence of 

MDM2 amplification.

To elucidate mechanisms driving Nutlin sensitivity, we performed a loss-of-function 

CRISPR-based genetic screen in the CHP212 cell line (Figure S2B). CHP212 cells were 

transduced with the GeCKO v.2 library43 carrying 121,411 gRNAs targeting 20,915 human 

genes plus 1,000 non-targeting control sgRNAs. After library transduction and selection, 

cells were cultured for 10 days to clear from the population any cells carrying sgRNAs 

targeting essential genes. After this clearance step, cell cultures were treated with either 10 

μM Nutlin-3a or vehicle (DMSO) for 48 h, allowed to recover for 10 days, treated with a 

second round of Nutlin or DMSO, and allowed to recoveragain. After the second recovery 

step, genomic DNA was purified and used for PCR-based amplification of sgRNA cassettes 

for next-generation sequencing analysis (Figure S2C; see STAR Methods for details). 

Analysis of sgRNA abundance revealed a massive overall loss of sgRNAs as expected by the 

apoptotic response elicited by Nutlin inCHP212, including the bulkof non-targeting sgRNAs 

(Figure 2C, Table S3). However, a minor fraction of sgRNAs was enriched in Nutlin-treated 

cells, which would likely target genes mediating sensitivity to Nutlin (Figure 2C). To 

identify high-confidence screen hits, we required 2-fold enrichment in sgRNA counts and 

a minimum of 2 enriched sgRNAs per gene, which produced a list of 54 candidate genes 

(Figure S2C; Table S3). Unsurprisingly, TP53 itself ranked at the top of this list, with all 
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6 sgRNAs in the library targeting TP53 being significantly enriched (Figures 2C and S2D). 

Reassuringly, BBC3 (PUMA), a known modulator of p53-dependent apoptosis, and MLH1, 
a gene identified previously as required for p53-dependent tumor suppression in a B cell 

lymphoma model,44 were also identified as mediators of Nutlin sensitivity in our genetic 

screen (Figures 2C and S2D).

To further prioritize this candidate gene list, we evaluated their behavior in the GDSC 

dataset. Among the 54 candidates, expression of only a small subset was associated with 

Nutlin sensitivity across the hundreds of cell lines in this dataset (Figures 2D and 2E). 

In addition to TP53, BBC3, and MLH1, the top 10 screen hits associated with Nutlin 

sensitivity were XYLT1, C12orf43, GPATCH8, EPHA3, FMNL3, CIC, and FAM193A. In 

a complementary analysis, we evaluated the behavior of the 54 screen hits in the DepMap 

Project dataset.45 The DepMap project completed genome-wide CRISPR genetic screens 

on 808 cell lines (dataset 20Q4), enabling generation of “gene effect” scores assessing 

the impact of thousands of genes on cell fitness and viability. In this dataset, when 

analyzing only TP53 wild-type cell lines (n = 261), inactivation of TP53 leads to increased 

cell viability and positive gene effect scores, as expected for a tumor suppressor, while 

inactivation of the p53 repressor genes MDM2, MDM4, and PPM1D (encoding WIP1) has 

the opposite behavior, leading to negative gene effects, as expected for oncogenes (Figure 

S2E). Additionally, the DepMap dataset enables identification of genetic interactions, 

whereby genes with agonistic functions show positive codependencies, and antagonists 

display negative codependencies. Reassuringly, when all genes analyzed in the DepMap 

dataset are ranked by their codependency with TP53, key cofactors and effectors of the 

p53 pathway show positive codependencies, as illustrated by TP53BP1 and CDKN1A 
(encoding p21) (Figures 2F and S2F). In contrast, negative regulators of TP53, such as 

MDM2 and PPM1D, show strong negative codependencies (Figures 2F and S2F; Table 

S4). Importantly, the DepMap dataset revealed that the candidate gene FAM193A displays 

the strongest positive codependency with TP53 among the screen hits (Figures 2F and 

2G). In fact, FAM193A was one of 2 screen hits associated with sensitivity to Nutlin and 

strong TP53 genetic codependency (Figures 2H and S2G). Furthermore, when we calculated 

genetic codependencies of the FAM193A gene with all genes in TP53 wild-type (WT) 

cell lines, TP53 ranked as the top positively correlated gene (Figure 2I, Table S4). Other 

prominent highly-ranked positive codependencies for FAM193A include the DNA damage 

sensor TP53BP1 and the p53 target gene ZMAT3 (Figures 2I, 2J, and S2H). In contrast, 

top negative codependencies with FAM193A are the p53 repressors PPM1D, MDM2, and 

MDM4 (Figures 2I, 2J, and S2H).

Therefore, from this point forth, we focused our efforts on FAM193A, a factor with an 

unknown role within the p53 network.

FAM193A is a positive regulator of p53 activity

Next, we decided to validate the effect of FAM193A on the cellular phenotype upon p53 

activation. In our screen, two different sgRNAs targeting FAM193A scored as significantly 

enriched upon Nutlin treatment (Figures S3A and S3B). To confirm the screen results, 

we created multiple single-cell CHP212 clones lacking FAM193A expression via CRISPR 
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editing, with three single sgRNAs targeting two different exons and a pair of sgRNAs 

targeting 2 exons simultaneously, and compared them with single-cell clones carrying non-

targeting sgRNAs (Figures S3A and S3C). On average, these single-cell clones showed 

significantly impaired responses to Nutlin, as seen by cell cycle profiling at multiple 

doses of Nutlin (Figures S3D–S3F). Substantial weakening of the cellular response to 

Nutlin in cells depleted of FAM193A is illustrated by comparison with clones lacking 

CDKN1A/p21, a key mediator of p53-induced cell-cycle arrest (Figures 3A, 3B, and S3D). 

The impairment of Nutlin action in FAM193A KO clones was also evident in an MTT 

assays of metabolic activity (Figure S3G) and in cell proliferation assays (Figure S3H). 

Furthermore, a similar trend was observed in FAM193A knockout (KO) cells treated with 

the genotoxic chemotherapeutic drug 5-fluorouracil (5-FU), which exerts p53-dependent and 

-independent effects (Figures S3I and S3J). We then analyzed the impact of FAM193A 

depletion on p53 stabilization and expression of key components of the p53 network. 

Remarkably, FAM193A KO cells showed decreased accumulation of total p53 protein upon 

Nutlin treatment, concurrent with decreased induction of the canonical p53 targets p21, 

TP53I3, PUMA, BAX, and MDM2 (Figure 3C). Notably, expression of MDM4 was elevated 

in FAM193A-depleted cells in DMSO- and Nutlin-treated cells (Figure 3C). Furthermore, 

when we generated KO single cell clones of FAM193A in two more cell lines of different 

origins, 94T778 (liposarcoma) and A549 (lung carcinoma), loss of FAM193A consistently 

led to an increase in MDM4 levels along with reduced expression of key p53 targets, with 

some variations across cell lines, such as lower MDM2 and PUMA expression in 94T778 

cells and lower p21 expression in A549 cells (Figure S3K).

We then analyzed the impact of FAM193A depletion by transcriptome analysis via RNA 

sequencing (RNA-seq) in CHP212 cells treated with Nutlin or vehicle (DMSO) for 12 

h. Nutlin treatment caused vast changes in gene expression in CHP212 cells, leading 

to upregulation of 641 mRNAs and downregulation of 332 mRNAs (|log 2 fold change 

[log2FC]| > 1.5, 5% false discovery rate [FDR]) (Figure 3D; Table S5). Notably, FAM193A 
KO cells showed fewer gene expression changes upon Nutlin treatment, whereby only 

289 induced and 39 downregulated genes were identified using the same statistical 

cutoff (Figures 3D and S3L). When differentially expressed genes (DEGs) are ranked by 

decreasing FC in WT cells, it becomes apparent that, while the overall transcriptional 

response to Nutlin is qualitatively conserved in FAM193A KO cells, the quantitative 

effects of the drug are clearly diminished (Figure 3E), as would be expected from lesser 

p53 stabilization concurrent with elevated levels of MDM4. The decreased transcriptional 

output is also obvious when focusing on a curated list of core p53 target genes6 because 

induction of most of them is clearly lower in FAM193A KO cells compared with the 

WT (Figure 3F). Besides a lower FC induction of core p53 target genes, their absolute 

expression levels in FAM193A KO cells are lower than in control cells (Figure 3G). To 

further investigate the mechanism of p53 transcriptional activity suppression observed in 

FAM193A KO cells, we performed p53 chromatin immunoprecipitation (ChIP) followed by 

quantitative PCR of select core p53 target genes. We found that changes in p53 promoter 

occupancy elicited by FAM193A depletion are gene specific, suggesting that suppression 

of p53-mediated transcription in FAM193A KO cells could be due to a combination of 
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reduced p53 chromatin binding (as expected from lower total p53 levels) and/or reduced p53 

transactivation (as expected from higher levels of MDM4) (Figure S3M).

Altogether, these results demonstrate the FAM193A is a positive regulator of p53 activity.

FAM193A binds to the RING domain of MDM4

Next, we focused on the observed upregulation of MDM4 in FAM193A-depleted 

cells. Noteworthy, overexpression of MDM4 attenuates while knockdown of MDM4 

exacerbates the response to Nutlin in multiple settings.32,46,42 RNA-seq analysis (Table 

S5) followed by RT-PCR validation (Figure S4A) showed no changes in MDM4 or TP53 
mRNA expression in FAM193A KO cells, suggesting that FAM193A acts through post-

transcriptional mechanisms. Interestingly, review of the Biological General Repository for 

Interaction Datasets (BioGrid)47 and the IntAct Molecular Interaction Database48 suggested 

a physical interaction between FAM193A and MDM4 that was detected with affinity 

purification-mass spectrometry in the BioPlex 2.049 and BioPlex 3.050 project datasets 

(Figure S4B). Immunoprecipitation of FLAG-tagged FAM193A or endogenous MDM4 

revealed that FAM193A and MDM4 indeed form a complex in CHP212 cells (Figures 

4A and 4B). Because of lack of a FAM193A antibody suitable for immunoprecipitation, 

we used exogenously expressed FLAG-tagged FAM193A. Importantly, the expression 

level of FLAG-FAM193A was similar to that of the endogenous protein (Figure S4C). 

Identification of FLAG-FAM193A/MDM4 complex formation prompted us to investigate 

whether FAM193A also interacts with MDM2. We performed a Halo-FAM193A pull-down 

in unstimulated and Nutlin-treated cells and found that MDM4 and MDM2 co-precipitate 

with FAM193A, suggesting that all three proteins form a ternary complex (Figure 4C). 

Next, given that FAM193A interacts with MDM4 and that FAM193A depletion deregulates 

p53, MDM4, and MDM2 protein levels, we evaluated whether formation of the p53/MDM2/

MDM4 complex is affected by FAM193A ablation. Co-immunoprecipitation experiments 

showed that MDM2 and MDM4 interact with each other and with p53 regardless of the 

presence of FAM193A, but the composition of the complex reflects the changes in protein 

expression caused by FAM193A depletion (Figures 4D and 4E).

To identify which functional domain of MDM4 may interact with FAM193A, we employed 

a uniquely tagged MDM4 construct, named MDM4c3, which has individual domains 

labeled with FLAG, myc, or hemagglutinin (HA) tags, and the domains are flanked with 

PreScission (PreS) protease cleavage sites (Figure 4F).52 Through a combination of pull-

down and protein digestion to remove non-captured domains, MDM4c3 enables a validated 

approach for identification of MDM4 interaction domains.52,53 Overexpression of MDM4 

along with a Halo-FAM193A construct followed by Halo-tag pull-down and PreS protease 

digest revealed that FAM193A binds to the RING domain of MDM4 (Figure 4G), a domain 

critical for MDM4 homodimerization and heterodimerization with MDM2. We then tested 

the impact of two mutations in the MDM4 RING domain shown to be important for 

the MDM4-MDM2 interaction, a deletion of the last 8 amino acids of the MDM4 C 

terminus (ΔC) and the point mutant C463A,54–56 on the interaction with FAM193A, which 

revealed that the ΔC mutant shows decreased interaction with FAM193A (Figure S4D). 

We then aimed to map the domain(s) of FAM193A involved in the interaction with MDM4/
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MDM2. Toward this end, we cloned five different fragments of the FAM193A polypeptide 

corresponding to major potential structural domains identified by MobiDB software (1,515 

amino acids, NM_001366318.2)51 (Figure 4H). We expressed the Halo-tagged versions 

of these fragments and completed Halo pull-down experiments, which demonstrated that 

MDM4 and MDM2 interact primarily with the with the N-terminal domain and, to a lesser 

degree, with the C-terminal domain of FAM193A (Figure 4I).

Furthermore, through subcellular fractionation of CHP212, HCT116, and H4 cells, and 

via immunofluorescent detection of 3×FLAG-FAM193A in H4 cells, we observed that 

FAM193A localizes in the nuclear and cytoplasmic compartments together with MDM4 

and MDM2 (Figures S4E and S4F). The subcellular localization of FAM193A is very 

heterogeneous from cell to cell and can range from mostly cytoplasmic to almost exclusively 

nuclear localization; often, FAM193Acan be found in the perinuclear region. Importantly, 

the subcellular localization of p53 and MDM4 does not change significantly in FAM193A-

depleted cells (Figure S4G). Overall, these findings show that FAM193A interacts with and 

is present in the same subcellular compartments as MDM4 and MDM2.

Last, we decided to investigate the impact of FAM193A depletion on MDM4 protein 

stability and its ubiquitination status. After treatment with cycloheximide (CHX) to inhibit 

global mRNA translation, we observed that MDM4 half-life in CHP212 cells extends 

beyond 16 h, rendering quantification of MDM4 half-life in this system imprecise because 

of CHX toxicity at later time points (Figure S4H). The slow turnover of MDM4 in CHP212 

is further underscored by the lack of MDM4 accumulation upon proteasome inhibition with 

carfilzomib (Figure S4I). Hence, we performed a CHX chase assay in A549 control and 

FAM193A KO cells and found a 50% increase in MDM4 protein half-life (from 6.6 to 9.9 h) 

in cells depleted of FAM193A (Figures S4J and S4K).

Hence, given that FAM193A KO leads to an increase in MDM4 levels, and that MDM4 

upregulation is known to suppress the response to Nutlin,32,46,42 these results indicate that 

FAM193A is a positive regulator of the p53 network likely acting by increasing MDM4 

turnover (Figure 4J).

Increased FAM193A mRNA levels correlate with better survival in specific cancer types

To further investigate the potential role of FAM193A in carcinogenesis, we analyzed a 

comprehensive gene expression dataset with unified data from The Cancer Genome Atlas 

(TCGA) program and the Genotype-Tissue Expression (GTEx) project comparing tumor 

samples with corresponding healthy tissues.57 This analysis revealed that FAM193A mRNA 

expression is mostly higher in healthy control tissues compared with tumor samples, with 

a few exceptions (Figures 5A and 5B). Analysis of FAM193A mutations and copy number 

variations (CNVs) in TP53 WT tumors in the TCGA dataset58 revealed a high frequency of 

FAM193A mutations in select tumor types, such as colorectal adenocarcinoma (COAD), 

uterine corpus endometrial carcinoma (UCEC), bladder urothelial carcinoma (BLCA), 

skin cutaneous melanoma (SKCM), and stomach adenocarcinoma (STAD) (Figure 5C). 

Furthermore, the distribution of missense and nonsense mutations along the FAM193A gene 

is not random, which is manifested by a high incidence of mutations at specific sites (such as 

mutations leading to changes at V522, L964, and M1124) and accumulation of mutations at 
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certain stretches of FAM193A sequence, such as the fragment we annotated as #4 and which 

we found to interact preferentially with MDM2 (Figures S5A and 4I). Notably, very few 

mutations were found in the region encoding the very N terminus of FAM193A, which we 

found to interact with MDM4 and MDM2. Additionally, analysis of TP53 WT tumors in the 

TCGA Pan-Cancer Clinical Data59 showed that, in 6 cancer types (of 33 analyzed), higher 

expression of FAM193A mRNA is a predictor of better overall patient survival (BLCA, head 

and neck squamous cell carcinoma [HNSC], UCEC, lung squamous cell carcinoma [LUSC], 

pancreatic adeno-carcinoma [PAAD], and thyroid carcinoma [THCA]) (Figures 5D and 5E). 

In contrast, higher expression of FAM193A was only associated with lower overall survival 

in one cancer type, pheochromocytoma/paraganglioma (PCPG) (Figure S5B), a very rare 

and primarily benign tumor type.60

DISCUSSION

Since its discovery over 40 years ago,61–63 the importance of p53 in tumor biology remains 

unabated. Given that functional p53 promotes the efficacy of several genotoxic therapies,64 

targeted inhibition of the p53-MDM2/4 interaction with non-genotoxic agents has been 

the focus of much research and development activities. Unfortunately, these efforts have 

not yielded the expected results in clinical trials, justifying the development of biomarkers 

of efficacy and combinatorial therapies. Our analysis of the GDSC dataset, arguably the 

largest available dataset for analysis of Nutlin sensitivity, revealed that the response to this 

compound is associated with high basal transcriptional output within the p53 network before 

drug treatment. This finding agrees with previous efforts identifying gene signatures that 

predict sensitivity to structurally diverse MDM2 inhibitors.41,40,65 Therefore, identification 

of factors modulating the transcriptional output of the p53 network could lead to improved 

use of MDM2/4 inhibitors.

To identify positive regulators p53 function upon MDM2 inhibition, we employed a 

multi-omics approach involving a CRISPR screen in a highly Nutlin-sensitive cell line 

and matched Nutlin sensitivity and gene expression data available from the GDSC and 

genetic interaction data from the DepMap project. Confidence in the results of our screen is 

provided by the fact that the top hits included not only TP53 itself but also known effectors 

of the p53 network, such as BBC3, a p53 target gene encoding the pro-apoptotic protein 

PUMA,35,36 and MLH1, a mediator of p53-dependent tumor suppression in a mouse model 

of B cell lymphoma.44 Furthermore, many of the screen hits, such as G-patch domain-

containing 8 (GPATCH8), hypoxia-inducible factor 1 subunit alpha inhibitor (HIF1AN), and 

A-kinase anchoring protein 8-like (AKAP8L) have been found to interact with p53,66–68 

but their roles in control of p53 function are unknown. GPATCH8 may be involved in 

pre-mRNA processing.69 AKAP8L is a nuclear protein that binds to the C terminus of RNA 

helicase A and acts as a transcriptional coactivator;70,71 it is also involved in initiation of 

DNA replication72 and positively modulates mTORC1 activity.73 HIF1AN1, a hydroxylase, 

has been found to modulate the expression of p63α, a member of the p53 family,74 but a 

direct role in p53 regulation is not clear.75 To prioritize our investigation of screen hits, we 

integrated the screen results with the Nutlin sensitivity data and TP53 codependency data, 

which pointed to FAM193A as a widespread regulator of p53 activity. Notably, FAM193A 
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is part of the 175-gene signature that predicts sensitivity to the structurally diverse MDM2 

inhibitor DS-3032b.40

Encoded by a gene in the Huntington’s disease locus, very little is known about the 

molecular function of the FAM193A protein. The few published studies primarily link 

FAM193A to neurological disorders such as Wolf-Hirschhorn syndrome76 or autism77 

and to cancer-related osteonecrosis of the jaw and osteoporosis.78 A region within 200 

bp of a transcription start site for FAM193A was found to be hypomethylated in the 

dorsolateral prefrontal cortex in humans compared with chimpanzees and macaques.79 

Last, autoantibodies targeting FAM193A are associated with neurological disease in 

patients with cerebral ischemia.80 Our study describes a molecular and cellular role 

of FAM193A in control of MDM4 levels and modulation of the p53 transcriptional 

program. Noteworthy, previous studies clearly demonstrated that expression levels of 

MDM4 regulate the response to Nutlin in multiple cell types.32,46,42 Depletion of FAM193A 

leads to reduced transcriptional output upon p53 activation and subsequent dampening 

of the downstream cellular response. Although, our results indicate that FAM193A 

regulates MDM4 protein levels at the post-translational level through modulation of its 

half-life, the exact underlying mechanism driving this effect is unclear, especially in 

cells with a very long half-life of MDM4. Proteomics studies suggests that FAM193A 

forms a complex with four subunits of the carbon catabolite repression-negative on 

TATA-less (CCR4-NOT) complex,81 a transcriptional regulatory complex that also acts 

as a mRNA deadenylase repressing translation.82,83 FAM193Aisalso predicted to interact 

with cytoplasmic polyadenylation element binding protein 4 (CPEB4), a p53 target gene 

involved in control of polyadenylation,81,84–86 and with the cap binding complex-dependent 

translation initiation factor (CTIF), a component of the CBP80 translation initiation 

complex.81,87 Hence, the exact mechanism of MDM4 upregulation following FAM193A 

depletion may involve post-transcriptional events worthy of future investigations.

We discovered that FAM193A interacts with the RING domain of MDM4. Mutations in 

the RING domain of murine Mdm4 are as detrimental as KO of Mdm4, with embryonic 

lethality occurring at embryonic day 9.514,88. The RING domain of MDM4, unlike 

that of MDM2, does not possess an intrinsic E3 ubiquitin ligase activity critical for 

targeting p53 for proteasomal degradation. However, the MDM4 RING domain is crucial 

for stabilizing MDM2 through MDM2-MDM4 heterodimerization and, thus, aiding p53 

ubiquitination.55,56,88,89 Heterodimerization between MDM4 and MDM2 is critical for p53 

inhibition in vivo, as demonstrated by transgenic mouse models harboring MDM4 RING 

domain deletions or mutations, which cause p53-mediated early embryonic lethality despite 

MDM4 being still able to bind to p53.54,90

Although our data indicate that FAM193A controls the dynamics of the MDM4/MDM2/p53 

complex primarily through modulation of levels of the individual components of this 

complex, it is possible that FAM193A binding to the RING domain of MDM4 may 

interfere with the activity of the MDM2-MDM4 heterodimer, leading to higher p53 protein 

expression and activity.
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Compared with the number of TP53 mutations/deletions, the frequency of FAM193A gene 

alterations in cancers is much lower (~2.3%). However, the FAM193A alteration rate is 

comparable with that of genes encoding established modulators of the p53 network, such 

MDM2, MDM4, PPM1D, CDKN1A, BAX, or BBC3, which range from 0.7%–4% (source: 

CBioPortal query of the TCGA Pan-Cancer Atlas Studies). Our analyses point to FAM193A 
as a potential tumor suppressor gene in three major cancer types, BLCA, UCEC, and 

LUSC, a notion that will require further experimental evaluation. All three tumor types 

exhibit lower FAM193A mRNA expression in cancer samples compared with healthy tissue, 

a high number (>5%) of FAM193A mutations/deletions in TP53 WT tumors, and better 

survival of patients carrying tumors with high FAM193A mRNA expression. In LUSC, a 

cancer with an overall very high mutational rate, TP53 is mutated in over 80% of tumors,91 

and p53 reactivation may not be a feasible therapeutic approach for most LUSC patients. 

In bladder cancer, while TP53 is mutated/deleted in 49% of muscle-invasive cancers, it 

is less frequently altered in superficial tumors, suggesting that p53 suppression promotes 

tumor invasion.92–94 In UCEC, TP53 mutations occur primarily in one endometrial cancer 

subtype, copy-number high (serous-like), which is characterized by the lowest progression-

free survival of all four UCEC subtypes and accounts for approximately a quarter of the 

cases.95 Therefore, p53 reactivation in BLCA or UCEC tumors expressing high levels of 

FAM193A should be considered as a potential therapeutic approach, especially during early 

stages of disease.

Overall, our results describe the identification of FAM193A as a widespread positive 

regulator of p53 activity, with clear roles in promoting the therapeutic efficacy of MDM2 

inhibition, which justifies further investigations into its potential roles as a candidate tumor 

suppressor gene in several major tumor types.

Limitations of the study

This study identifies FAM193A as a regulator of p53 activity in the context of cancer cell 

line cultures through our own experiments and analysis of public datasets generated from 

cancer cell lines. However, the role of FAM193A in control of p53 activity in vivo has not 

been defined and will require further investigation, including in animal models. Another 

limitation of this study is that it focuses mostly on the cellular response to p53 activation 

upon non-genotoxic inhibition of its repressor MDM2 without fully defining the role of 

FAM193A in many other scenarios leading to p53 activation via stress-induced signaling 

cascades.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Joaquin Espinosa 

(joaquin.espinosa@cuanschutz.edu).
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Materials availability—All materials developed for this project, including plasmids and 

cell lines, will be made available upon request to the lead contact upon completion of 

material transfer agreements when appropriate.

Data and code availability

• RNA-seq data have been deposited in the Gene Expression Omnibus under 

accession number Gene Expression Omnibus: GSE189133. CRISPR screen has 

been deposited at the Gene Expression Omnibus under accession number Gene 

Expression Omnibus: GSE189132. All data are publicly available as of the date 

of publication. DOIs are listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—All cell lines were maintained at 37°C, 5.0% CO2 in Gibco cell culture 

media: CHP212 (derived from male human neuroblastoma) in DMEM:F12 (1:1); 94T778 

(derived from female human liposarcoma tissue) in DMEM:F12 (1:1); SJSA1 (derived 

from male human osteosarcoma) in RPMI-1640; A549 (derived from male human lung 

adenocarcinoma) in RPMI-1640; HEK293FT (derived from female human embryonic 

kidney tissue) in DMEM; MCF7 (derived from female human breast carcinoma metastasis) 

in DMEM; H4 (derived from male astrocytoma sample) in DMEM; HCT116 (derived 

from male human colorectal carcinoma tissue) in McCoy’s 5A. Cell lines identities were 

confirmed by STR analysis at the CU Anschutz Cell Technologies Shared Resource 

laboratory. Each medium was supplemented with 10% FBS (Peak Serum), except for 

94T778 medium, which was supplemented with 10% EquaFetal (Atlas Biologicals), and 

100 units/mL of penicillin, 100 μg/mL of streptomycin, and 250 ng/mL of amphotericin 

B (Gibco). Matching cultivation conditions were used for maintaining derived lineages: 

CHP212 stably transduced with 3xFLAG-FAM193A, HCT116 transiently transfected 

with Halo-FAM193A (full length and fragments 1–5) and MDM4-V5, and HEK293FT 

transiently transfected with Halo-FAM193A MDM4c3 (WT, deltaC, and C463A variants).

METHOD DETAILS

Analysis of GDSC dataset—Drug sensitivity information, which included 

measurements of Nutlin-3a (−) responsiveness, was obtained from the Genomics of Drug 

Sensitivity in Cancer (GDSC) database (www.cancerrxgene.org).37 The drug sensitivity 

dataset used in the analysis was part of the release-7.0 (v17.3_fitted_dose_response). 

Gene expression data was also obtained from GDSC (RMA normalized expression data 

of dataset E-MTAB-361096). Genomic alteration information (TP53 mutations and MDM2 
amplification) was acquired from cBioPortal database through querying the Cancer Cell 

Line Encyclopedia dataset97 which includes full profiles of 881 cell lines. Sensitivity to 

Nutlin was analyzed only in cells with known TP53 mutational status (unprofiled cell 

lines were excluded from the analysis). Comparison of Nutlin IC50 values was performed 

with unpaired two-samples Wilcoxon test. Correlations between robust multi-array analysis 
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(RMA) algorithm normalized gene expression and Nutlin ln(IC50) values were calculated 

for TP53 WT cell lines only regardless of MDM2 amplification status using the Spearman 

method. p-values were adjusted with the Benjamini-Hochberg procedure.

Gene set enrichment analysis—Gene set enrichment analysis was performed using the 

GSEA software (v 4.1.0; Broad Institute). The full list of 17,419 genes ranked by correlation 

values of Nutlin sensitivity vs. gene expression levels was compared to lists of: (1) core 

p53 target genes,6 (2) genes predicting sensitivity to compound NVP-CFC218,41 and (3) 

genes predicting sensitivity to compound DS3032b.40 The enrichment analysis used a classic 

Kolmogorov-Smirnov scoring scheme with 1000 permutations and the enrichment scores 

were calculated with weighted statistics.98

Ingenuity pathway analysis—Upstream regulator prediction using Ingenuity Pathway 

Analysis (IPA) was performed for the top 100, 250, 500, and 1000 genes negatively 

correlated with Nutlin sensitivity. To simplify the interpretation of the results the input R 

values have been multiplied by −1. Results of the IPA upstream regulator analysis have been 

filtered to include only transcriptional regulators of the top 100 anti-correlated genes with a 

p value of overlap smaller than 0.05 and for which Z score has been calculated.

Nutlin treatment—Cells were treated with Nutlin at concentrations indicated in applicable 

Method’s section, figure legends and figure panels. Nutlin stock solution was prepared as a 

10 μM Nutlin-3R (racemic mixture of 3a and 3b isoforms) in DMSO. Final concentrations 

are presented as concentrations of the MDM2-inhibiting isoform Nutlin-3a.

CRISPR screen in CHP212 cells—Lentiviral particles of Human GeCKO v2 Library A 

and B43,99 were prepared by the Functional Genomics Core at the University of Colorado 

Anschutz as described previously.100 CHP212 cells were plated onto two 15 cm plates at 

12 × 106 cells per plate and transduced separately with GeCKO v2 Library A and Library 

B virus by adding viral supernatant together with 8 μg/mL Polybrene to cells. Viral titer 

was tested in parallel to ensure that virus added was < MOI = 1. Virus was removed after 

16 h and replaced with fresh DMEM:F12 media. Cells were selected in 2.5 μg/mL of 

Puromycin starting on day 3 after transduction. Following the puromycin selection Library 

A and Library B cells were combined and cultured for 10 days to allow for dropout of 

essential genes. Next, 36 ×106 library-containing cells were plated on three 15 cm plates 

at 12 × 106 cells per plate and treated the next day with DMSO (vehicle control) or 10 

μM Nutlin, three plates for each condition. At 48 h, DMSO-treated cells were harvested 

for gDNA extraction (see below) and Nutlin treatment was removed and replaced with 

regular growth media to allow for recovery of the cell culture. Once cells reached about 

90% confluency, each Nutlin replicate was replated in anew 15 cm plate for a second 

round of 10 μM Nutlin treatment. After 48 h, Nutlin-3a-containing media was removed and 

again replaced with regular growth media. Cells were allowed to repopulate the plate in 

the recovery time and were then harvested for gDNA extraction using the DNeasy Blood 

and Tissue kit (Qiagen). PCRand library preparation of GeCKO v2 gRNA cassettes were 

accomplished as described previously,100 with the exceptions noted here. In brief, we used a 

nested PCR to build barcoded sgRNA cassette libraries suitable for Illumina sequencing for 
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each replicate. To achieve 10-fold representation of the library and to maintain appropriate 

DNA concentrations for PCR, we ran 16 separate 50 μL PCR reactions using 500 ng 

template DNA to generate 8 μg of PCR product DNA per sample (primers: PCR1-fwd 

and PCR1-rev). PCR1 reactions were pooled, purified, and 50 ng were used for a second 

PCR, where barcodes and sequencing primers were attached to each cassette. PCR2 was 

accomplished with 10 μL of 5x Phusion HF buffer (ThermoFisher Scientific), 1 μL dNTPs 

(10 mM), 2 μL FWD and REV primer (10 μM), 1 μL Phusion polymerase (ThermoFisher 

Scientific) and 15 μL of nuclease-free water in 50 μL total reaction (primers: PCR2-fwd and 

PCR2-rev1-4 barcoded primers). PCR conditions for second PCR were: 1 cycle at 98°C for 

5 min, 2 cycles of 98°C for 30 s, 55°C for 30 s, 72°C for 30 s, then 6 cycles of 98°C for 30 

s, 65°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 5 min. PCR products 

were purified and assessed on the 2100 Bioanalyzer (Agilent) for quality prior to submission 

to the University of Colorado Cancer Center Genomics and Microarray Core Facility for 

Illumina sequencing.

CRISPR screen data analysis—CRISPR data analysis was carried out as described 

previously.100 Briefly, signal processing, base-calling, and quality scoring was carried out 

automatically by the HiSeq 2500 Real-Time Analysis software (Illumina). Conversion 

to fastq format was performed with bcl2fastq (v1.8.4, Illumina). Next, samples were 

demultiplexed, allowing 2 mismatches, using fastx_barcode_splitter from the fastx_toolkit 

(v0.0.13.2). Sequence data quality was assessed with FASTQC (v0.11.2). Next, sequences 

were trimmed using fastx_trimmer from the fastx_toolkit (v0.0.13.2), with the following 

options: -Q33 -f 43 -L 62, which kept only the section of each read corresponding 

to the unique sgRNA sequences (positions 43–62 inclusive). Bases with qual ≥ 10 

were removed with fastx_quality_filter from thefastx_toolkit (v0.0.13.2; options: -Q33 

-q 10 -p 94). Trimmed and filtered sequences were mapped with Bowtie2 (v2.2.3; 

options –phred33 –end-to-end –very-sensitive) and a reference index was generated for 

Bowtie2 using only the unique sgRNA sequences from the Human GeCKO v2 library 

annotation available from https://media.addgene.org/cms/filer_public/7d/87/7d87eaa7-

e940-41bf-bf2f-47b43c7ab905/zhang_human_geckov2_grna_sequences.zip43,99). Read 

counts for each sgRNA were calculated using SAMtools idxstat (v0.1.19). Top Nutlin-

enriched screen hits were filtered based on the following criteria: (1) log2(counts per 

million) ≩ 3, (2) log2(fold change (Nutlin/DMSO)) ≩ 2, and (3) gene occurrence ≩ 2.

Analysis of the DepMap dataset—Gene effect data (“Achilles_gene_effect”) and gene 

mutation data (“CCLE_mutations”) have been downloaded from the DepMap database 

(release 20Q4). Only cell lines that have been profiled in the “CCLE_mutations” dataset 

have been included in the analysis. Cell lines with silent mutations of TP53 were considered 

as WT. Out of 1749 cell lines, 1084 had genetic alterations in TP53 and were excluded 

from downstream analysis. Out of the 665 remaining cell lines with WT TP53, 261 cell 

lines were profiled in the gene effect dataset. Gene codependencies were calculated as 

Spearman correlations between gene effects for 18,119 genes. p-values were adjusted with 

the Benjamini-Hochberg procedure.
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Generation of FAM193A and CDKN1A knockout cells—Individual CRISPR-edited 

cell lines were generated by transfection with pSpCas9(BB)-2A-GFP (PX458), a gift 

from the Feng Zhang laboratory (Addgene plasmid #48138),101 encoding GeCKO 

library sgRNAs targeting FAM193A (GeCKO sgRNAs HGLibA_16363, HGLibA_16364, 

or HGLibB_16341) or control non-targeting sgRNA (GeCKO sgRNA HGLibA_64384/

HGLibB_57029). sgRNAs were cloned into the BbsI site of pX458 vector as described 

previously.101 Next, sgRNA containing PX458 plasmids were transiently transfected 

into CHP212 cells (plated at 3 × 106 cells/10 cm dish and 5 μg of plasmid) using 

Lipofectamine 3000 (ThermoFisher Scientific). Media was changed next day, and on day 

2 post-transfection cells were sorted for positive GFP expression by the University of 

Colorado Cancer Center Flow Cytometry Core. Cells were sorted into 96-well plates 

containing 1:1-fresh:pre-conditioned growth medium at 1 cell/well. Single-cell clones 

were expanded and screened for lack of FAM193A expression by Western blot (using 

antibody Abcam 122,832). The same single-cell clone FAM193A KO strategy was 

used to generate A549 and 97T778 using sgRNA vector pSpCas9(BB)-2A-GFP (PX458)-

HGLibA_16364. Additionally, the clone used for RNA-seq experiments (Fam21) was 

validated for homozygous FAM193A gene deletion/edits by: PCR amplifying with Phusion 

High Fidelity DNA Polymerase (ThermoFisher Scientific) the region surrounding the 

edit site HGLibA_16364 (primers: FAM193A_cval_FWD_2 and FAM193A_cval_REV_2), 

A-tailing of PCR products, cloning PCR products into pCR4-TOPO-TA (ThermoFisher 

Scientific), and sequencing. CHP212 CDKN1A KO and additional FAM193A KO single-

cell clones were generated with a dual sgRNA-targeting strategy through nucleofection of 

two gRNAs complexed with Alt-R S.p. Cas9 Nuclease V3 (Integrated DNA Technologies). 

gRNAs were produced through annealing of synthetic crRNAs (Hs.Cas9.CDKN1A.1.AA 

and Hs.Cas9.CDKN1A.1.AD; or Hs.Cas9.FAM193A.1.AB and Hs.Cas9.FAM193A.1.AC) 

with the universal Alt-R CRISPR-Cas9 tracrRNA. Next, sgRNAs were complexed with 

Cas9-NLS and then delivered by nucleofection into CHP212 cells using Lonza 4-D 

Nucleofector (pulse code CA-168) and SF Cell Line 4D-NucleofectorX Kit solutions. 

Following recovery, single cell clones were isolated and screened by PCR for edits using the 

following primers pairs: FAM193A-F/FAM193A-R and FAM193A-F2/FAM193A-R2 (for 

FAM193A CRISPR edits) or CDKN1A-F/CDKN1A-R and CDKN1A-F2/CDKN1A-R2 (for 

CDKN1A CRISPR edits). For gRNA and primer sequences see key resources table.

Generation of cell lines expressing 3xFLAG-FAM193A—The CHP212 and H4 

TetR+3xFLAG-FAM193Acell lines have been generated through stable integration of 

lentiviral constructs. Lentivirus was produced as follows: 6×106 HEK293FT cells were 

plated on 15 cm cell culture dishes. After 24 h, transfection mix was prepared by combining 

in 500 μLof Opti-MEM (Gibco) with: 6.8 μg psPAX2 DNA, 3.4 μg pMD2.G, 3.4 μg pLenti-

CMV/TO-3xFLAG-FAM193A, and 3.4 μg pLenti-CMV-TetR-Blast. DNA-PEI complexes 

were formed through addition of with 34 μL 1 mg/mL polyethyleneimine (PEI) (final 

ratio of DNA:PEI was 1:2 – PEI batch optimized). DNA-PEI mix was incubated at room 

temperature for 15 min. HEK293FT cells were replenished with fresh growth medium and 

DNA-PEI was added dropwise and mixed. Cells were incubated for 18 h with DNA-PEI 

mix before replenishing with fresh growth medium. Growth medium with lentiviral particles 

were collected 48 h post-transfection and filtered through 0.45 μm cellulose acetate filter. 
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Destination cells were plated at 6×106 on 15 cm plates and transduced with lentiviral filtrate 

diluted in fresh medium with polybrene (8 μg/mL final). 24 h post-transduction, cells were 

replenished with fresh medium and following another 24 h, puromycin and blasticidin were 

added to the medium for stable cell line selection (2.5 μg/mL final concentration of each 

selection antibiotics).

RNA-seq—Two independent biological replicates of CHP212 WT and FAM193A KO 

(Fam21 clone – fully sequence verified) cells were treated for 12 h with either 0.2% 

DMSO or 10 μM Nutlin. Total RNA was extracted using TRI-reagent (ThermoFisher 

Scientific) according to manufacturer’s protocol. RNA quality was assessed using the 2100 

Bioanalyzer and RNA 6000 PICO kit (Agilent). Samples submitted had an RNA integrity 

number greater than 8. RNA samples were submitted to Novogene for strand-specific library 

preparation and paired end reads on the Illumina HiSeq4000 platform. Signal processing, 

base-calling, and quality scoring was carried out automatically by the HiSeq 4000 RTA 

software (Illumina). Demultiplexing and conversion to FASTQ format was carried out 

using bcl2fastq (Illumina). Fastqc (v0.11.5) was used to assess sequence data quality. 

Fastq files from 2 separate lanes were merged for each sample to obtain sufficient read 

depth. Low quality bases (Q < 10) were trimmed from the 3’ end of reads and short 

reads (<30 nt after trimming) and adaptor sequences were removed using the fastq-mcf 

(v1.05) tool from EAutils. Following fastq-mcf, sequence data quality assessed again 

with fastqc (v0.11.5). FastQ Screen (v0.9.1) was used to check for common sequencing 

contaminants. Alignment to the Human reference genome (GRCh37/hg19) was carried out 

using TopHat2 (v2.1.1, –b2-sensitive –keep-fasta-order –no-coverage-search –max-multihits 

10 –library-type fr-firststrand) and Bowtie2 (v2.2.9.0) with the UCSC hg19 GTF annotation 

file provided in the iGenomes UCSC hg19 bundle. Read groups were created with Picard 

AddOrReplaceReadGroups version: 2.9.4. Aligned reads were then filtered to remove low 

quality mapped reads (MAPQ <10) using SAMtools (v1.5). Reads were coordinate-sorted 

and duplicates were marked using Picard SortSam and MarkDuplicates (v2.9.4). Alignment 

metrics were produced with Picard CollectAlignmentSummaryMetrics (v2.9.4). Quality 

assessment of final mapped reads was performed using RSeQC (v2.6.4). Raw gene-level 

count data was generated using HTSeq (v0.8.0) with the following options (−stranded = 

reverse −minaqual = 10 −type = exon −idattr = gene_id −mode = intersection-nonempty) 

using the GTF provided in the UCSC hg19-based iGenomes bundle. Differential gene 

expression data was generated with DESeq2 (v1.18.1) in R (v3.4.2).

Validation of RNA-seq was performed using Q-RT-PCR on RNA samples isolated from WT 

and FAM193A KO single cell clones (n = 4 and n = 5, respectively). For each line, cells 

were plated at 4.5*105/well into 6-well plates and after 48 h treated with either 0.2% DMSO 

(vehicle control) or 10 μM Nutlin-3a for additional 12 h (technical duplicates for each 

cell line/treatment combination). RNA was isolated using TRIzol Reagent (ThermoFisher 

Scientific) according to manufacturer’s instructions and cDNA was generated using High-

Capacity cDNA kit (ThermoFisher Scientific) using 1 μg of RNA as template. qPCR 

reactions were set up using SYBR Select Master Mix for CFX (ThermoFisher Scientific) 

and primers provided in the key resources table. Amplicons were generated and quantified 

using a ViiA 7 instrument (Life Technologies).
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Chromatin immunoprecipitation—Three biological replicates of CHP212 cells – 

nontargeting control and FAM193A KO cells – were plated onto eight 15 cm dishes at 

the density of 1.2*106 cells per plate. After 48 h, cells were treated with either 0.2% 

DMSO or 10 μM Nutlin for 12 h (four 15 cm plates per treatment/replicate). At the time 

of collection, cultivation medium was replaced with 19 mL of 1% formaldehyde in 1x PBS 

and incubated at room temperature for 15 min. Formaldehyde crosslinking was terminated 

by adding 1 mLof 2.5 M glycine (125 mM final concentration). After 5 min incubation, 

cells were washed three times with ice-cold PBS and lysed with Szak’s RIPA buffer (150 

mM NaCl, 1% v/v NP40, 0.5% w/v sodium deoxycholate, 0.1% w/v SDS, 50 mM Tris pH 

8.0, 5 mM EDTA, 0.65 mL per plate) with proteasome inhibitor cocktail (cOmplete Mini, 

Roche). Cell lysates were transferred to 15 mL conical tubes and sonicated on ice for 3 

min and 45 s (15 cycles of 15 s on and 15 s off at 5W power output using VirTis Virsonic 

600 sonicator). Lysates were centrifugated at 18,000 g for 15 min and supernatants were 

transferred to fresh tubes. Next, protein concentrations of the samples were analyzed by a 

BCA assay and lysates diluted to a final protein concentration of 1 mg/mL were dispensed to 

1 mL aliquots. One aliquot per sample was pre-cleared with 20 μL of Protein G Dynabeads 

for 1 h at 4°C with rotational agitation. Next, lysates were incubated with either 0.5 μmg of 

p53 mouse monoclonal antibody (DO-1, OP43 Calbiochem) or control mouse IgG (sc-2025, 

Santa Cruz Biotechnology) and 40 μL of Protein G Dynabeads o/n at 4°C with rotational 

agitation. Next day beads were pelleted on a magnetic rack, washed two times with Szak’s 

RIPA buffer, four times with Szak’s wash buffer (100 mM TrisHCl pH 8.5, 500 mM LiCl, 

1% v/v NP40,1% w/v deoxycholic acid), and again twice with Szak’s RIPA buffer. Each 

wash was performed for 5 min at 4°C with rotational agitation. Protein complexes were 

eluted by adding of 100 μL of TE buffer and 200 μL 1.5xTalianidis Elution Buffer (70 mM 

Tris HCl pH 8.0,1 mM EDTA, 1.5% w/v SDS) and incubating for 10 min at 65°C. Eluate 

was collected in fresh tubes and combined with 5M NaCl solution to a final concentration 

of 200 mM and incubated for 5 h at 65°C. Following sample de-crosslinking, 20 μg of 

proteinase K was added to each tube. Samples were incubated at 45°C for 30 min and 

immunoprecipitated DNA was extracted with phenol:chloroform:isoamyl alcohol (25:24:1) 

followed by chloroform extraction. DNA was precipitated by adding 2 μLof GlycoBlue 

(ThermoFisher Scientific), 1/10 volume of 3M sodium acetate, and 2.5 volumes of 100% 

ethanol. Vortexed samples were incubated at −20°C and spun down at 18,000 g for 20 

min. DNA pellets were washed with 70% ethanol, resuspended in 100 μL of 0.1 x TE, and 

analyzed by Q-PCR.

Annexin V assays—Cells were treated either with 0.2% DMSO or 10 μM Nutlin for 48 

h in 6-well plates. Medium was collected and cells were washed with 1mL PBS per well. 

PBS used for the wash was pooled with the collected media. Next, cells were detached with 

0.2 mL/well of 0.25% trypsin-EDTA for 2–5 min at 37°C and washed out of wells with 

collected medium-PBS mix and placed on ice until centrifugation for 5 min 100xg at 4C. 

Cells were re-suspended in 1 mL ice-cold PBS and spun down again and re-suspended in 80 

μL Annexin V binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4) 

before adding 20 μL Annexin V master mix (100:1:1/Annexin V binding buffer:Annexin 

V-FITC:1 mg/mL PI). Cells when there incubated at room temperature for 15 min and 
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placed on ice. FITC and PI fluorescence intensities were then measured with a BD Accuri 

C6 Flow Cytometer (BD Biosciences).

MTT metabolic activity assays—Single cell clones (5 non-targeting controls and 12 

FAM193A KO lines) were plated into 96-well plates at 1.5*104 cells per well in 0.1 mL/

well. After 36 h, cells were treated with DMSO or 2.5 and 5 μM Nutlin and cell viability 

was measured at 24-h intervals. Thiazolyl blue tetrazolium bromide stock was prepared at 

5 mg/mL in PBS. Stock solution was diluted then as a 2x working solution in cultivation 

medium and added to cells to a final concentration of 0.3 mg/mL. Cells were incubated at 

37° for 2 h. Medium was then gently removed, formazan was extracted with 4 mM HCl 

0.1% NP40 in isopropanol and quantified via absorbance measurements at 570 nm.

Cell proliferation assay—Single cells clones (5 non-targeting controls and 5 FAM193A 
KO lines) were plated into 12-well plates at 2.5*105 cells/well. Cells were counted using 

a hematocytometer (eight 1 × 1 mm corner squares were counted per line) before dilution 

and plating. Following 24 h, cells were treated with either DMSO or 1.25 μM Nutlin (in 

duplicates) for 24 h. Following the treatment period, cells were detached by trypsinization 

and counted using a hematocytometer (eight 1 × 1 mm corner squares were counted per cell 

clone/treatment/technical replicate).

DNA content-based S phase quantification—Single cell clones (see figure legends 

for number of clones used in each experiment) were plated into 6-well plates at 2.5*105 

cells/well. After 48 h, cells were treated with either vehicle or 1.25 or 2.5 μM Nutlin (in 

duplicate) for 24 h. After treatment cells were detached via trypsinization and washed twice 

with PBS (between washes cells were centrifugated at 250 g for 5 min at room temperature). 

Next, cells were resuspended in 0.1 mL PBS and then fixed with 1 mL of 70% ethanol 

overnight at 4°C. Fixed cells were washed twice with 0.1% Triton X-100 in PBS, followed 

by overnight incubation in 10 μg/mL propidium iodide, 33 μg/mL RNase A. Next, samples 

were passed through a 23G needle and PI intensity was measured with BD Accuri C6 Flow 

Cytometer (BD Biosciences). Cell cycle analysis and downstream quantification of cells 

in S-phase was performed with FlowJo (v10.7.2). Cell cycle profiles were generated with 

FlowJo’s Cell Cycle Analysis tool using the Dean-Jett-Fox univariate model.

Bromodeoxyuridine incorporation assays—CHP212 cells (3 single cell clone lines 

per each, nontargeting control and FAM193A KO) were plated at 4*105 cells per well into 

6-well plates. Following 48 h, cells were treated with either 0.05% DMSO or 1.25 or 2.5 

μM Nutlin or 24, 47, or 97 μM 5-fluorouracil for 24 h. Bromodeoxyuridine (BrdU) solution 

was added to the cells at a final concentration of 10 μM for the last hour of the cultivation 

period. After the treatment, cells were detached via trypsinization and washed twice with 

PBS (250g 5 min spin-downs between washes). Next, cells were resuspended in 0.1 mL 

PBS and fixed by 1 mL of 70% ethanol. Cells were fixed overnight at 4°C, washed once 

with 0.1% Triton X-100 in PBS and incubated in 0.5% Triton X-100 in 2 M HCl at 37°C 

for 10 min. After the DNA denaturation step, cell suspensions were neutralized with 0.1 M 

NaB4O7 pH 8.5 for 10 min. Samples were washed once with 1% BSA-0.1% Triton X-100 

in PBS and then incubated with a fresh aliquot of 1% BSA-0.1% Triton X-100 in PBS for 
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1 h at room temperature. Next, cells were incubated with agitation overnight at 4°C with 

anti-BrdU antibody and for 1 h at room temperature with goat anti-mouse IgG conjugated to 

Alexa Fluor 488. Lastly, nuclei were stained with 10 μg/mL propidium iodide and 40 μg/mL 

RNaseA in 0.1% Triton X-100 in PBS for 30 min at 37°C. BrdU/PI levels were measured 

with BD Accuri C6 Flow Cytometer (BD Biosciences).

Western blot analysis—Cells were lysed in either RIPA buffer (150 mM NaCl, 1.0% 

NP40 orTriton X-100,0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) or 

1x Laemmli buffer (1% SDS, 10% glycerol, 100 mM TrisCl pH 7.5) supplemented with 

protease and phosphatase inhibitor cocktail (PPIC, a mixture of aprotinin at 1 μg/mL 

final concentration, leupeptin at 1 μg/mL final concentration, pepstatin at 1 μg/mL final 

concentration, trypsin inhibitor at 1 μg/mL final concentration, phenylmethylsulfonyl 

fluoride 50 μg/mL final concentration, sodium fluoride at 1 mM final concentration, 

and sodium orthovanadate at 0.1 mM final concentration). Crude lysates were briefly 

sonicated and spun down for 20 min at 18,000 g, followed by supernatant collection. 15 

to 30 μg of protein was resolved on SDS-PAGE gels and transferred onto polyvinylidene 

difluoride membranes with a 0.45 μm pore size. Membranes were blocked with 3% BSA 

in Tris-buffered saline with 0.1% Tween 20 (TBS-T). Blots were probed with primary 

antibodies (see key resources table) overnight at 4°C diluted in blocking buffer. Antibodies 

detecting p53 and MDM4 were diluted in 3% BSA in 300 mM NaCl, 20 mM TrisCl 

pH 7.6, 0.1% Tween 20. Next, membranes were washed with TBS-T, incubated with 

HRP-conjugated secondary antibodies (see key resources table) diluted in blocking buffer, 

and washed again with TBS-T. The HRP signal was detected with the SuperSignal West 

Pico PLUS Chemiluminescent Substrate or Supersignal West Femto Maximum Sensitivity 

Chemiluminescent Substrate (ThermoFisher Scientific). The signal was captured using the 

ImageQuant LAS 4000LAS4000 digital imaging system (GE Healthcare).

Immunoprecipitation—Immunoprecipitation was performed in CHP212 WT stably 

transduced with the construct TetR and CMV/TO-3xFLAG-FAM193A constructs plated into 

15 cm plates and allowed to reach ~90% confluency at time of collection (5 × 15 cm plates 

per sample). Prior to collection, 3xFLAG-FAM193A expression was induced with 2 μg/mL 

doxycyclinefor 48 h. Control or FAM193A KO CHP212 cells were plated into 15 cm plates 

and allowed to reach ~80% confluency and next, treated with either 0.05% DMSO (vehicle 

control) or 2.5 mM Nutlin-3afor 16h. Cells were washed twice with PBS and 1x with PBS 

with PPIC. Cells were scraped of and lysed in 150 mM NaCl, 1.0% NP40, and 50 mM 

Tris pH 8.0 with PPIC. Crude lysates were incubated on ice for 20 min, vortexed every few 

minutes and spun down for 20 min at 18,000 g at 4°C. After protein quantification with 

BCA, lysate protein concentration was equalized between samples and lysates precleared for 

1 h at 4°C with: (a) mouse IgG agarose beads for FLAG immunoprecipitations or (b) Protein 

G Dynabeads for MDM4, MDM2, and p53 immunoprecipitations. Reaction set up: lysates 

were incubated overnight at 4°C with (a) anti-FLAG M2 Magnetic Beads or (b) anti-MDM4 

IgG (or rabbit IgG control) with Protein G Dynabeads. Bead washes: (a) FLAG beads were 

washed 3x with TBS; (b) MDM4 IP beads were washed 4x with 150 mM NaCl, 1.0% NP40, 

and 50 mM Tris pH 8.0. Bound protein was released by incubating with Laemmli Sample 

Buffer diluted in TBS/wash buffer at 95°C for 5 min.
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Halo-FAM193A pulldown—The cell lines selected for these experiments were selected 

based on their high transfection efficiency due to the fact that the open reading frame 

encoding Halo-FAM193A was too large for lentiviral vector packaging. HEK293FT or 

HCT116 cells were plated on 15 cm dishes at 7*106-1*107 cells/dish. Following 24 h, 

cells were transfected with 15 μg of pDEST-CMV-Halo-FAM193A (or HaloFAM193A 

fragments) and/or pcDNA3.1-CMV-MDM4c3 (a gift from the Jiandong Chen laboratory) 

or pLX304-MDM4-V5 and incubated overnight as described in the Cell line generation 

section. Cells were collected at 48 h post-transfection (after 16 h of DMSO and/or 10 

μM Nutlin treatment in HCT116 cells). Pulldowns were performed using the HaloTag 

Mammalian Pull-Down System according to manufacturer’s instructions. Briefly, cells 

were collected, washed twice with PBS, and frozen at −80°C. Cell pellets were lysed in 

Mammalian Lysis + PIC (Promega) buffer, homogenized by passing through 23G needle 

and spun down at 15 min 18,000 g. If experiment included a Nutlin treatment step, lysates 

were quantified with BCA and diluted to ensure equal protein quantity. For proteolytic 

cleavage with PreScission protease, MDM4c3 lysates were incubated for 30 min with 20 

units of protease at 4°C. Lysates were diluted with TBS and incubated with 80 μL HaloLink 

Resin for 25 min at room temperature (optional: 40 units of PreScission protease added to 

pulldown reaction). Resin was washed three times with TBS+0.5% NP40. Optional ProTeV 

digest step: resin was incubated with 30 units of ProTEV Plus Protease for 1 h at 25°C. 

Bound protein was released by incubating with SDS Elution Buffer (Promega) and Laemmli 

Sample Buffer at 95°C for 5 min. Identical experiments were done with MDM4 mutants 

lacking the last 8 amino acids (ΔC) or with the point mutation C463A. Mutants were 

generated from the MDM4c3 backbones using the primers listed in the key resources table. 

Presence of the deletion or point mutation was verified by Sanger sequencing.

Immunofluorescent detection of FAM193A—H4 WT and TetR TO/CMV-3xFLAG-

FAM193A cells pre-treated with 2 μg/mL doxycycline for 48 h were plated onto 12 

mm acid-etched coverslips in 24-well plates at 7*104 cells/well with doxycycline in the 

cultivation media. After 48 h, cells were washed with ice-cold PBS with Ca2+ and Mg2+ and 

fixed for 15 min in 4% paraformaldehyde (PFA) in PBS on ice and then washed three times 

for 5 min with PBS. Next, coverslips were incubated for 10 min with 0.1 M ammonium 

chloride in PBS, washed twice in PBS for 3 min each time, permeabilized for 30 min 

with 0.5% Triton X-100 in PBS, washed again three times for 5 min in PBS, and once in 

TBS-T for additional 5 min. Samples were blocked for unspecific antibody binding for 1 

h with 3% BSA in TBS-T and incubated overnight at 4°C with anti-FLAG diluted 1:250 

in 3% BSA in TBS-T. Next, samples were washed five times for 5 min with TBS-T and 

incubated with goat-anti mouse IgG-Alexa Fluor 488 for 1 h in 3% BSA in TBS-T. After the 

incubation, coverslips were washed five times for 5 min with TBS-T, once for 5 min with 

PBS, incubated for 10 min in 4% PFA/PBS, and washed three times for 5 min in PBS. The 

last wash was followed by incubation with 0.1 M ammonium chloride in PBS for 10 min, 

two PBS washes (3 min each) and 5 min of nuclei staining with 1 μg/mL DAPI. Samples 

were washed with PBS and water just before affixing them to slides using Molecular Probes 

ProLong Gold Antifade Mountant. Finally, stained cells were imaged with Zeiss LSM780 

confocal microscope system with a C-Apochromat 40x/1.20 W Korr FCS M27 objective.
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Preparation of nuclear and cytoplasmic fractions—The following cell types 

were used for isolation of cellular fractions: HCT116 cells transfected with GFP/Halo-

FAM193A, H4 cells transfected with TetR-TO-GFP/TO-3xFLAG-FAM193A, and CHP212 

cells transfected with WT/TetR-TO-3xFLAG-FAM193A. Starting from 24 h after the 

transfections, cell cultures were maintained in media supplemented with 2 μg/mL 

doxycycline. Treated cells were detached by trypsinization and resuspended in ice-cold 

medium with 10% FBS. All following steps were performed on ice or at 4°C. Cell 

suspensions were spun down for 5 min at 300 g and resuspended in 10 mL of PBS. Next, 

cells were counted, diluted to ensure equal numbers across samples, and washed again with 

PBS. A fifth of the cell samples was saved for a total protein isolation with 1% NP40, 

50 mM TrisCI pH 8.0,150 mM NaCI with PPIC. Total protein lysates were sonicated and 

centrifugated for 20 min at 18,000 g, 4°C. Remaining cells were incubated for 10 min 

in Buffer A (10 mM HEPES, 1.5 mM MgCI2,10 mM KCI, 0.5% NP40, pH 7.9; with 

PPIC) and centrifuged at 1000 g for 10 min. Collected supernatant contained cytoplasmic 

fraction and pellets contained nuclei. Supernatants were centrifuged at 18,000 g for 20 min, 

supernatants were transferred to fresh tubes and assayed as cytoplasmic fractions. Pelleted 

nuclei from the first centrifugation step were washed twice with buffer A (each round for 10 

min at 1000 g), resuspended in protein extraction Buffer B (5 mM HEPES, 1.5 mM MgCl2, 

0.2 mM EDTA, 26% glycerol (v/v), pH 7.9; with PPIC), and cleared of undissolved debris 

by centrifugation at 18,000 g for 20 min. Collected supernatants were assayed as nuclear 

fractions.

Cycloheximide chase assay—A549 or CHP212 (non-targeting control and FAM193A 
KO) cells were plated into 60 mm dishes at 1−1.5×106 cells/dish and following 48 h were 

treated with 25 μg/mL CHX. Cells were collected at 0, 1, 2, 4, 8, and 16 h of treatment 

by washing them with ice-cold PBS and lysing them with protein extraction buffer (1% 

NP40, 50 mM TrisCl pH 8.0,150 mM NaCl with PPIC). Samples were further processed as 

described in the “Western blot” section. Following Western blot analysis, levels of MDM4 

and GAPDH were quantified using ImageJ (v 1.53a) using its Analyze-Gels tool.

Analysis of GTEx and TCGA gene expression data—Unified normalized 

gene expression level (FPKM) data of normal tissues and cancer samples (originally 

sourced from the Genotype Tissue Expression project (GTEx) and The Cancer 

Genome Atlas (TCGA)) was obtained from57 (https://figshare.com/articles/dataset/

Data_record_3/5330593). Descriptors of tissue or cancer types were included in the names 

of individual datafiles except for specific colon tissue types. To separate colon samples 

into sigmoid and transverse colon groups (control healthy tissues corresponding to rectum 

adenocarcinoma and colon adenocarcinoma, respectively), their IDs and descriptors were 

obtained from GTEx. Mean expressions between control and cancer samples were compared 

with two-sample Wilcoxon tests.

Analysis of FAM193A mutations and copy number variations—FAM193A and 

TP53 alteration data was downloaded from CBioPortal by querying the Pan-Cancer Atlas 

Dataset. The data used to determine gene alterations included lists of mutations, copy-

number alterations (CNA), structural variants, and altered and unaltered samples. Analysis 
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steps: (1) Determination of tumors with FAM193A alterations: alteration of FAM193A 
was determined based on CBioPortal “altered” vs. “unaltered” classification. These tumors 

included tumors that had either a mutation or structural alteration of FAM193A or a CNA 

equal to −2 or 2. (2) Selection of TP53 WT tumors: tumors were considered WT if they 

were marked as “WT”, the CNA was not equal −2, and didn’t encode any structural 

variants. Tumors that were not assayed for CNA were excluded from the analysis. (3) 

Cancer type information was extracted from the “STUDY_ID” identifiers provided with 

the CBioPortal data or obtained the TCGA Pan-Cancer Clinical Data Resource (CBioPortal 

provided no distinction between COAD and READ tumor samples). Three tumor samples 

were assigned tumor types manually upon determining their types in the TCGA data portal 

(TCGA-5M-AAT5– 01 – COAD, TCGA-5M-AATA-01 – COAD; TCGA-F5-6810-01 – 

READ). (4) FAM193A Alterations were classified into 4 categories: (i) FAM193A mutated 

(ii) FAM193A CNA equal –2; (iii) FAM193A mutated and with CNA equal 2; (iv) FAM193 
WT and CNA equal 2. To generate the visualization of FAM193A mutation distribution 

along the FAM193A protein codding sequence mutation GDC Pan-Cancer (PANCAN) data 

was downloaded via Xena102 platform due to its more comprehensive sequence annotations 

enabling full matching to the full length FAM193A ORF.

Cancer patient survival analysis—The cancer patient survival data source was the 

TCGA Pan-Cancer Clinical Data Resource.59 TP53 genetic alterations were determined 

based on mutation, CNA, and structural alteration data obtained from CBioPortal. Tumors 

were considered as WT if they were marked as “WT”, with no CNAs, and didn’t encode 

any structural variants. FAM193A mRNA expression data (z-scores relative to all samples) 

was obtained from CBioPortal. High vs. low FAM193A mRNA expression level splits were 

determined using the Log Rank statistic method with a distribution via a Monte-Carlo 

simulation. Survivals of FAM193A high- and low-expressing groups were compared with 

Log Rank statistics; p values were adjusted with the Benjamini-Hochberg procedure.

Cloning of FAM193A cDNA—The FAM193A cDNA was cloned by combining two 

fragments of the FAM193A cDNA because of a high GC content of the 5′ end the 

FAM193A ORF. The 3′ end of FAM193A (encoding from 220 bp onwards) was cloned 

from mRNA isolated from CHP212 with TRIzol reagent as follows: 5 μg of total RNA 

were treated with DNaseI and used in a reverse transcriptase reaction (SuperScript, IV, 

ThermoFisher Scientific) with primer FAM-211-ORF-R-UAG. Obtained cDNA has been 

used as a template in a gradient PCR reaction with primers FAM-211-ORF-F-ATG and 

FAM-211-ORF-R-UAG using Phusion High Fidelity DNA Polymerase (ThermoFisher 

Scientific). Next, the PCR product has been cloned into the pJET1.2 (ThermoFisher 

Scientific) vector and sequenced. The 5′ end of FAM193A cDNA was cloned from a 

gBlock (synthesized by Integrated DNA Technologies, Inc.) of the following sequence: 

5′-TACCGAATTC GCGGCCGCAT GAGCCCAGCT GATGCGAAGC GCGGAGCGAA 

GCGAAGAAAG AATAAACGGG GGGGAGGAGG TGGCTCCGGG GGGGGTAACG 

GCGGAGCATC TTCTGGCAAA GCAGGACCCG CAGCTGCTTT GCGGGGCTCT 

CAGGCCGCAG GACTTGCAGC GCCCGGCAGC GCGGCTGGTC TTGTTGGGGG 

AGCTGCTGCG GCAAATGGGC CTTTGGGAGC AGGGGCAAGC GCAGGAGGTG 

CAGCTCCAGG CGGCTACTTC GAGACTCCTT TTAGTTTTGG CATGAATCAT 
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AGGACACCAC CCTACCCTGC TGGGGATTAT TGTCTTCTGT GCAGAAGTGA 

ACGGAAAGAC TCATCATTCT TAGAGAGTGG AATTAAGACT GCGAGCAAAT 

TGGCCCTTTC CATGGCTCCC AAGGGCAACA GCGTGCTGCA CCTGCCACTG 

TGGGTGTGCC CGGACTGCCG CAGGACCGTG GAGAAGGAGG AGAGGCATGG 

CGGCCTTGAC CAGCCAGTGA GCCAAGATTT TCTTCTTCAC TCCTCGCTTG 

GTGGCTCCCA GCCAGAGGCC GGCAGTGGTG GGAGGCTCGC TCTGGGTGCA 

CAGACGCTGC CTTCAGACAC CGCATGCTCG TGCGAGGCCT GCAGTGAGCG 

CAGAGAAATT TCGGCAGAGG CGGACCGGGA ACCTCAGCAG CTGCAGAACT 

ACTGGTCAGA AGTGCGCTAC ACGGTGCGCT GCATCTACCG CCAGGCAGGA 

ACCCCGCTGG CAGATGACCA GGACCAGTCT CTGGTGCCTG ACAAGGAGGG 

AGTGAAGGAG CTCGTGGATA GGCTC-3’. The gBlock contains Notl (5′ of FAM193A 

ATG) and SacI (occurring within the FAM193A ORF) restriction sites which were used 

to clone the 5′ end FAM193A cDNA into the pJET1.2 vector containing the 3′ end 

of FAM193A. The FAM193A cDNA was then cloned from pJet1.2 into pENTR4-FLAG 

(w210-2)103 using restriction sites Notl and Xbal. The pENTR4-FLAG-FAM193A construct 

was next used as the base for 3xFLAG-FAM193, Halo-FAM193A and FAM193A fragment 

cloning.

3xFLAG-FAM193A construct generation—The 5′ 3xFLAG-tagged FAM193A 

generated through modification of pENTR4-Flag-FAM193A. The 5′ FLAG tag was 

removed by digesting the plasmid with Aflll and Notl restriction enzymes and cloning in 

a gBlock of the following sequence: 5’- CTACAAACTC TTCCTGTTAG TTAGTTACTT 

AAGCTCGGGC CCCAAATAAT GATTTTATTT TGACTGATAG TGACCTGTTC 

GTTGCAACAA ATTGA TAAGC AATGCTTTTT TATAATGCCA ACTTTGTACA 

AAAAAGCAGG CTCCACCATG CTCGGATCCA TGGGAACCAA TACCGG TTCA 

GTCGACTGGA TCCGGTACCG AATTCGCGGC CGCATGAGCC CAGCTGATGC 

GAAGCGCGGA -3′, creating the pENTR4-FAM193A plasmid. To create the pENTR4-5′ 
3x-Flag-FAM193A, the pENTR4-FAM193A plasmid was digested using Agel and Notl, 

and a gBlock: ‘5- CCACCATGCT CGGATCCATG GGAACCAATA CCGGTGTTTC 

AGGAAGCGGA GATTACAAGG ATGACGACGA TAAGGGCGAT TACAAGGATG 

ACGACGATAA GGGAGATTAC AAGGATGACG ACGATAAGTC AGGCTCAGGC 

ATGAGCCCAG CTGATGC -3′, was Gibson assembled into the cut site. The 5′ 3x-Flag-

FAM193A was shuttled into pLenti-CMV/TO-Puro-DEST (670-1) (Addgene #17293)103 

using Gateway LR cloning to create the pLenti-CMV/TO-3xFLAG-FAM193A-Puro.

Halo-FAM193A construct generation—FAM193A was cloned intopENTR4-HaloTag 

(w876-1) (Addgene #29644). First, FAM193A insert was produced by PCR using primers 

FAM-Notl-noATG-FWD and FAM-Xbal-REV with Phusion High Fidelity DNA Polymerase 

(ThermoFisher Scientific). PCR product was cloned into pENTR4-HaloTag by restriction 

cloning into Notl and Xbal sites. Resultant Halo-FAM193A ORF was transferred into 

pDEST-CMV-polysite (Addgene #122843) via recombination catalyzed by Gateway LR 

Clonase ll Plus enzyme (ThermoFisher Scientific).

Cloning of FAM193A fragments—Fragments of the FAM193A ORF were subcloned by 

PCR amplification using Phusion High Fidelity DNA Polymerase with the following primer 
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pairs: fragment 1: FAM1-BamHl-FWD and FAM1-Xbal-REV; fragment 2: FAM2-EcoRl-

FWD and FAM2-Xbal-REV; fragment 3: FAM3-BamHl-FWD and FAM3-Xbal-REV; 

fragment 4: FAM4-BamHl-FWD and FAM4-Xbal-REV; fragment 5: FAM5-BamHl-FWD 

and FAM5-Xbal-REV. Resultant PCR fragments were subcloned into pENTR4-HaloTag 

(w876–1; Addgene) into BamHl/Xbal (fragment 1,3,4, and 5) or EcoRl/Xbal (fragment 2) 

sites. Resultant Halo-FAM193A fragment ORFs was transferred into pDEST-CMV-polysite 

(Addgene #122843) via recombination catalyzed by Gateway LR Clonase ll Plus enzyme 

(ThermoFisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

All analysis has been performed in R Studio. Statistical details (n, representation of n, and 

statistic tests, correction methods, and definitions of center and dispersion) were included 

in the METHODS DETAlLS section in each subsection where applicable and in the figure 

legends.

Results were considered significant with p values <0.05 with the following annotations *p < 

0.05, **p < 0.01, and ***p < 0.001.
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Highlights

• A CRISPR screen identifies FAM193A as required for the response to MDM2 

inhibition

• FAM193A is necessary for p53 stabilization and downstream transcriptional 

responses

• FAM193A interacts with the RING domain of MDM4 and destabilizes 

MDM4

• FAM193A expression is associated with better prognosis in multiple cancer 

types
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Figure 1. Sensitivity to MDM2 inhibitors is associated with high basal activity in the p53 network
(A) Distribution of Nutlin IC50 values (micromolar, natural logarithm) of TP53 WT and 

TP53 mutant cell lines. Drug sensitivity data were obtained from the GDSC database. 

The number of biological replicates for the TP53 WT and MUT cell lines was 179 and 

313, respectively; IC50 values were calculated based on data obtained from 2 technical 

replicates as described previously.38 The notches indicate medians, and whiskers extend to 

the largest/smallest value but no further than the 1.5× IQR (interquartile range) from the 

hinge. Statistical significance was calculated with unpaired two-sample Wilcoxon test.

(B) Ranking of TP53 WT cell lines based on their sensitivity to Nutlin, with demarcation of 

cells carrying MDM2 gene amplification. Also annotated on the rank plot are cell lines used 

in this study. The number of biological replicates for cell lines with amplified and without 
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amplified MDM2 was 11 and 168, respectively; IC50 values were calculated based on data 

obtained from 2 technical replicates as described previously.38

(C) Distribution of p values (negative log10) and Spearman correlation coefficients (rho) 

calculated between Nutlin IC50 and gene expression (basal RNA levels, obtained from the 

GDSC database) in TP53 WT cell lines. Nutlin IC50 data were obtained based on biological 

and technical replicates for TP53 WT cell lines as described in (A). Gene expression 

profiling was performed for each cell line in 1 replicate.40 The top 10 genes with highest 

negative correlations and smallest p values are highlighted in red.

(D) Scatter plots and linear regression curves between Nutlin IC50 (micromolar, natural 

logarithm) values and RNA levels for the 4 most negatively correlated genes highlighted in 

(C). Statistical analysis was performed as indicated in (C), and p values were adjusted with 

the Benjamini-Hochberg procedure (q values). Biological and technical replicates for IC50 

values and expression data are as described in (C).

(E) Upstream transcriptional regulators predicted by the Upstream Regulator tool of the 

Ingenuity Pathway Analysis (IPA) software of the top 100, 250, 500, and 1,000 genes with 

the highest negative correlations shown in (C).

(F) Gene set enrichment analysis (GSEA) comparison between correlations shown in (C) 

and (l)core genes induced by Nutlin6 or (2) a gene signature predictive of sensitivity to the 

MDM2 inhibitor NVP-CGM09 or (3) a gene signature predictive of sensitivity to the MDM2 

inhibitor DS-3032b.

See also Figure S1.

Szwarc et al. Page 34

Cell Rep. Author manuscript; available in PMC 2023 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. A genetic screen for positive regulators of p53 function
(A) Western blot analysis of components of the p53 network and apoptosis markers in A549, 

MCF7, HCT116, SJSA, and CHP212cellstreated for48 h with 10 μM Nutlin.

(B) Apoptosis induction measured by Annexin V binding in cells treated with Nutlin as in 

(A). The graph represents the average of 3 biological replicates ± SEM. Statistical analysis 

was performed with ANOVA with post hoc Tukey test.

(C) Scatterplot of mean counts per million (cpm) and fold changes (FCs) of sgRNAs 

detected by next-generation sequencing following 2 rounds of Nutlin or DMSO treatment 
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(2 biological replicates each). A dashed line indicates cutoff values of the screen analysis 

pipeline. Red, blue, green, and cyan dots indicate sgRNAs targeting genes that passed the 

final criterium of a minimum of 2 sgRNAs enrichment per gene.

(D) Volcano plot showing p values (log10) and Spearman’s correlation coefficients 

calculated for Nutlin IC50 values and gene expression levels (as presented and with statistics 

calculated as in Figure 1C). Genes targeted by sgRNAs enriched in the CRISPR screen are 

marked in red.

(E) Heatmap of correlation coefficients of the top-10 screen hits listed on the plot shown in 

(D).

(F) Volcano plot showing p values (log10) and Spearman’s correlation coefficients for TP53 
codependencies calculated with data obtained from the DepMap database (261 TP53 WT 

cell lines with 4 technical replicates each were used to calculate gene effect scores42). Top 

positive and negative TP53 codependent genes are labeled. Additionally, CRISPR screen hits 

are indicated in red, and the top 10 TP53 codependent CRISPR hits are highlighted.

(G) Heatmap of TP53 codependency rho values and gene ranks of top-10 screen hits listed 

on the plot shown in (F).

(H) Scatterplot for correlation coefficients of gene expression levels and Nutlin IC50 values 

(on the x axis) vs. TP53 gene codependencies (on the y axis). CRISPR screen hit genes are 

highlighted in red.

(I) Volcano plot of FAM193A gene codependencies (rho vs. p values). TP53 and major p53 

regulators and effectors found as top positive and negative FAM193A codependent genes are 

labeled on the plot (biological and technical replicates as described in F).

(J) Scatterplots with linear regression lines of FAM193A gene effects plotted against TP53, 
TP53BP1, PPM1D, and MDM2 gene effects as calculated in (I) with p values adjusted 

with the Benjamini-Hochberg procedure (q values, biological and technical replicates as 

described in F).

See also Figure S2.
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Figure 3. FAM193 is a positive regulator of p53 activity
(A) Boxplot of the percentages of cells in S phase of the cell cycle in control non-targeting 

(WT), FAM193A KO, and CDKN1A KO cells treated with the indicated doses of Nutlin 

for 24 h. The percentage of cells in S phase was measured through immunofluorescence 

detection of incorporated bromodeoxyuridine (BrdU). The plot represents a summary of 

data from independent single cell clones (biological replicates represented by individual 

single cell clones are 4, 5, and 4 per group for the WT, FAM193A KO, and CDKN1A 
KO, respectively; each sample was obtained from 2 technical replicates). The horizontal line 
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represents the median, and whiskers extend to the largest/smallest value but no further than 

the 1.5× IQR from the median. Statistical analysis was performed with ANOVA with post 

hoc Tukey test.

(B) Plot of the percentage of cells in G1 phase in samples as described in (A). Quantification 

of cells in G1 was based on detection of DNA content (stained with propidium iodide [PI]) 

and immunofluorescence detection of BrdU.

(A and B) *p < 0.05, **p < 0.01, ***p < 0.001.

(C) Western blot analysis of p53, p53 target genes, and MDM4 in nontargeting control (WT) 

and FAM193A KO CHP212 cells treated with vehicle or0.625,1.25, or 2.5 μM Nutlin for 24 

h.

(D) Volcano plots of gene expression changes (FCs [log2FC; Nutlin/DMSO] vs. adjusted p 

value [q]) induced upon 12 h of 10 μM Nutlin treatment. Genes that did not pass gating for 

subsequent analysis (with |log2FC| < 1.5 and/or q > 0.05) are marked in gray.

(E) Rank plot of mRNA FCs of DEGs in FAM193A WT cells (black dots). Corresponding 

FCs in FAM193A KO cells are marked in red (for upregulated genes) and blue (for 

downregulated genes).

(F) Scatterplot of expression FCs in WT and FAM193A KO cells of core p53 target genes. 

Regions of the plane above and below the gray dashed lines include data points with 

differences in FCs between WT and FAM193A KO that are greater than 1.

(G) Heatmap of relative expression levels of top 20 Nutlin-induced p53 core target genes.

(D–G) RNA-seq was performed on 2 biological replicates per condition.

See also Figure S3.
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Figure 4. FAM193A interacts with the RING domain of MDM4
(A) Western blot analysis post Immunoprecipitation of 3×FLAG-FAM193A In CHP212 

cells showing co-immunoprecipitation of MDM4 along with FAM193A.

(B) Western blot analysis of samples immunoprecipitated with an MDM4 antibody showing 

co-immunoprecipitation of 3×FLAG-FAM193A along with MDM4 in CHP212 cells.

(C) Western blot analysis of Halo-FAM193A pulldown in transfected HCT116 cells in 

Nutlin-treated and control cells reveals formation of a ternary complex between FAM193A, 

MDM4, and MDM2.
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(D and E) Western blot analysis of MDM4 immunoprecipitation or (E) p53 and MDM2 

immunoprecipitation in non-targeting control (WT) and FAM193A KO (KO) CHP212 cells 

treated with Nutlin.

(F) Schematics of the MDM4c3 construct. The MDM4 open reading frame was modified 

to include insertions of 3 PreScission (PreS) protease cleavage sites. Additionally, 3 of the4 

fragments were tagged with FLAG, myc, or HA tags. Digestion of MDM4c3 with PreS 

leads to generation of4protein fragments containing (1)the p53-binding domain recognized 

bythe MDM4–82 monoclonal antibody, (2) the acidic and zinc-finger(ZF) RanBP2-type 

domains labeled with a FLAG tag, (3) the domain containing the SQ motif labeled with a 

myc tag, and (4) the RING domain labeled with an HA tag.

(G) Western blot analysis following pull-down of Halo-tagged FAM193A in transfected 

HEK293FT cells along with full-length MDM4c3 or with PreS-cleaved MDM4c3 fragments 

reveals interaction between FAM193A and the MDM4 RING domain.

(H) Secondary structures of FAM193A protein predicted by MobiDB51 with demarcated 

FAM193A fragments assayed for MDM4 and MDM2 interaction.

(I) Co-pulldown of Halo-tagged FAM193A fragments (as indicated in H) with MDM4 

(ectopically expressed) or MDM2 (expression induced with 10 μM Nutlin for16 h) in 

HCT116 cells.

(J) Proposed model of FAM193A function in supporting the p53 transcriptional program.

See also Figure S4.
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Figure 5. High FAM193A expression is associated with better prognosis in multiple cancer types
(A) FAM193A normalized gene expression levels(FPKM) in tumor samples and 

corresponding normal tissues (from the GTEx and TCGA databases). Cancer types marked 

in orange or teal are tumor-normal tissue pairs with significant differences in FAM193A 
expression. The horizontal lines represent the median, and whiskers extend to the largest/

smallest value but no farther than the 1.5× IQR from the median. Statistical analysis was 

performed with Wilcoxon rank-sum test with Benjamini-Hochberg correction. The number 

of normal and tumor tissues profiled are as follows (cancer type: normal/tumor): BLCA: 

28/362, BRCA: 199/982, CESC: 13/259, CHOL: 9/31,COAD: 235/285, ESCA: 670/183, 

HNSC: 97/460, KICH: 25/60, KIRC: 104/475, KIRP: 29/236, LIHC: 163/295, LUAD: 

372/503, LUSC: 154/426, READ: 153/87, STAD: 225/380, THCA: 371/441, UCEC: 

105/141.
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(B) Heatmap of FCs of mean FAM193A mRNA expression between normal and cancer 

tissues depicted in (A). Statistical significance is denoted by asterisks (*p < 0.05, **p < 

0.01, and ***p < 0.001).

(C) Distribution of FAM193A alterations (mutations, deletions, and/or amplifications) by 

cancer type in TP53 WT tumors (data source: TCGA Pan-Cancer Atlas Studies).

(D) Plot of overall survival (OS) ratios of patients with high FAM193A-expressing tumors 

vs. low FAM193A-expressing tumors (all tumors are TP53 WT) and log rank test p values 

adjusted with the Benjamini-Hochberg procedure (q values).

(E) Kaplan-Meier plots of OS of patients with TP53 WT tumors with high or low expression 

of FAM193A in cancer types that surpassed the q value cutoff marked in (D). The 

numbers of FAM193A high- and low-expressing tumors are as follows(cancer type: normal/

tumor): BLCA: 129/70, HNSC: 35/118, UCEC: 273/44, LUSC: 49/30, PAAD: 7/61,THCA: 

306/176.

See also Figure S5.

Szwarc et al. Page 42

Cell Rep. Author manuscript; available in PMC 2023 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Szwarc et al. Page 43

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BAX Cell Signaling Technology Cat#2772; RRID:AB_10695870

BID Cell Signaling Technology Cat#2002; RRID:AB_10692485

BrdU Santa Cruz Biotechnology Cat#sc-32323; RRID:AB_626766

Cleaved Caspase-3 Cell Signaling Technology Cat#9661; RRID:AB_2341188

Caspase-8 Cell Signaling Technology Cat#9746; RRID:AB_2275120

GAPDH Santa Cruz Biotechnology Cat#sc-365062; RRID:AB_10847862

FAM193A Abcam Cat#ab122832; RRID:AB_11128856

FLAG tag M2 Sigma-Aldrich Cat#F1804; RRID:AB_262044

HA-tag Cell Signaling Technology Cat#3724; RRID:AB_1549585

Halo-tag Promega Cat#G9211; RRID:AB_2688011

Histone H2B Cell Signaling Technology Cat#12364; RRID:AB_2714167

Lamin B1 Cell Signaling Technology Cat#13435; RRID:AB_2737428

MDM2 Santa Cruz Biotechnology Cat#sc-965; RRID:AB_627920

MDM4 Bethyl Laboratories Inc. Cat#A300-287A; RRID:AB_263407

MDM4 (−82) Sigma-Aldrich Cat#M0445; RRID:AB_532256

myc-tag Cell Signaling Technology Cat#2278; RRID:AB_490778

nucleolin/C23 Santa Cruz Biotechnology Cat#sc-8031; RRID:AB_670271

p21 Santa Cruz Biotechnology Cat#sc-817; RRID:AB_628072

p53 Millipore Sigma Cat#OP43; RRID:AB_10682938

PIG3 Santa Cruz Biotechnology Cat#sc-166664; RRID:AB_2303666

PUMA Santa Cruz Biotechnology Cat#sc-374223; RRID:AB_10987708

PUMA Cell Signaling Technology Cat#12450; RRID:AB_902228

α-Tubulin Sigma Aldrich Cat#T9026; RRID:AB_477593

Wip1 Santa Cruz Biotechnology Cat#sc-376257; RRID:AB_10986000

goat anti-mouse IgG, HRP linked Biorad Cat#1721011; RRID:AB_11125936

goat anti-rabbit IgG, HRP linked Biorad Cat#1706515; RRID:AB_11125142

horse anti-mouse IgG, HRP linked Cell Signaling Technology Cat#7076; RRID:AB_330924

goat anti-rabbit IgG, HRP linked Cell Signaling Technology Cat#7074; RRID:AB_2099233

Normal Rabbit IgG Cell Signaling Technology Cat#2729; RRID:AB_591709

Normal Mouse IgG Santa Cruz Biotechnology Cat#sc-2025; RRID:AB_737182

Rabbit anti-Mouse IgG (H + L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488

ThermoFisher Scientific Cat#A-11059; RRID:AB_142495

Bacterial and virus strains

NEB Stable Competent E. coli (High Efficiency) New England Biolabs Inc. Cat#C3040

Chemicals, peptides, and recombinant proteins

Annexin V, FITC Life Technologies Cat#A13199

Anti-FLAG M2 Magnetic Beads Sigma-Aldrich Cat#M8823
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REAGENT or RESOURCE SOURCE IDENTIFIER

Doxycycline hyclate, 98% ThermoFisher Scientific Cat#446060050

Dynabeads Protein G ThermoFisher Scientific Cat#10004D

Mouse IgG-Agarose Sigma-Aldrich Cat#A0919

Nutlin Cayman Chemicals Cat#10004372

5-Fluorouracil Sigma Aldrich Cat#F6627

Cycloheximide EMD Millipore Cat#239763

Carfilzomib (PR-171) Selleck Chemicals Cat#S2853

PreScission Protease Cytiva Cat#27-0843-01

ProTEV Plus Promega Cat#V6101

Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich Cat#M5655

cOmplete Mini Roche Cat#11836153001

Aprotinin Gold Biotechnology Cat#A-655-25

Trypsin Inhibitor MP Biomedicals Cat#101113

Leupeptin hemisulfate Research Products International Cat#L22035

Pepstatin BioReagents Cat#BP267125

Sodium fluoride Mallinckrodt Chemicals Cat#7636-04

Sodium orthovanadate Sigma-Aldrich Cat#S6508

DAPI Sigma-Aldrich Cat#D9542

Molecular Probes ProLong Gold Antifade 
Mountant

ThermoFisher Scientific Cat#P36934

Lipofectamine 3000 Transfection Reagent ThermoFisher Scientific Cat#L3000008

Polyethylenimine Linear, MW 25000 Polysciences Cat#23966

Alt-R S.p. Cas9 Nuclease V3 Integrated DNA Technologies Inc. Cat#1081058

Critical commercial assays

TRI Reagent™ Solution Invitrogen Cat#AM9738

DNeasy Blood and Tissue Kit Qiagen Cat#69506

Agilent RNA 6000 Pico Kit Agilent Technologies, Inc. Cat#5067-1513

Agilent High Sensitivity DNA Kit Agilent Technologies, Inc. Cat#5067-4626

SYBR Select Master Mix for CFX ThermoFisher Scientific Cat#4472954

HaloTag Mammalian Pull-Down System Promega Cat#G6504

TOPO™ TA Cloning™ Kit for Sequencing Invitrogen Cat#K457501SC

CloneJET PCR Cloning Kit Thermo Scientific Cat#K1231

SF Cell Line 4D-Nucleofector X Kit S Lonza Cat#V4XC-2032

Deposited data

CHP212 FAM193A WT/KO RNA-seq 
(GSE189133)

Gene Expression Omnibus https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE189133

CRISPR Screen (GSE189132) Gene Expression Omnibus https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE189132

Experimental models: Cell lines

CHP212 ATCC Cat#CRL-2273; RRID:CVCL_1125
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REAGENT or RESOURCE SOURCE IDENTIFIER

A549 CU Anschutz Cell Technologies Shared 
Resource

Cat#CVCL_0023; RRID:CVCL_0023

HCT116 CU Anschutz Cell Technologies Shared 
Resource

Cat#CVCL_0291; RRID:CVCL_0291

MCF7 CU Anschutz Cell Technologies Shared 
Resource

Cat#CVCL_0031; RID:CVCL_0031

SJSA CU Anschutz Cell Technologies Shared 
Resource

Cat#CVCL_1697; RRID:CVCL_1697

HEK293FT ATCC Cat#CRL-3249; RRID:CVCL_6911

H4 ATCC Cat#HTB-148; RRID:CVCL_1239

94T778 ATCC Cat#CRL-3044; RRID:CVCL_U613

Oligonucleotides

For RT-qPCR primers, see Table S6. Integrated DNA Technologies Inc. N/A

For ChIP-qPCR primers, see Table S7. Integrated DNA Technologies Inc. N/A

For primers used in CRISPR screen, see Table S8. Integrated DNA Technologies Inc. N/A

For primers/oligonucleotides used for knockout cell 
line generation/genotyping, see Table S9.

Integrated DNA Technologies Inc. N/A

For primers used for cloning and mutagenesis, see 
Table S10.

Integrated DNA Technologies Inc. N/A

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX458) Addgene (deposited by Feng Zhang) Cat#48138; RRID:Addgene_48138

pSpCas9(BB)-2A-GFP (PX458)- HGLibA_16363 
(encoding sgRNA sequence targeting FAM193A: 
TCAGAGCAACTTGCCCGCAC)

This paper N/A

pSpCas9(BB)-2A-GFP (PX458)- HGLibA_16364 
(encoding sgRNA sequence targeting FAM193A: 
TATGCAGTTCCCACGTCACT)

This paper N/A

pSpCas9(BB)-2A-GFP (PX458)- 
HGLibB_16341(encoding sgRNA 
sequence targeting FAM193A: 
CGAGCTTGCAGATGACACAC)

This paper N/A

pSpCas9(BB)-2A-GFP (PX458)- HGLibA_64384/
HGLibB_57029 (encoding control 
non-targeting sgRNA sequence: 
ACGGAGGCTAAGCGTCGCAA)

This paper N/A

pENTR4-FLAG (w210-2) Addgene (Eric Campeau, Paul Kaufman) Cat#17423; RRID:Addgene_17423

pLenti CMV TetR Blast (716-1) Addgene (deposited by Eric Campeau, 
Paul Kaufman)

Cat#17492; RRID:Addgene_17492

pLenti CMV/TO Puro DEST (670-1) Addgene (deposited by Eric Campeau, 
Paul Kaufman)

Cat#17293; RRID:Addgene_17293

pDEST-CMV-polysite Addgene (deposited by Robin Ketteler) Cat#122843; RRID:Addgene_122843

pENTR4-HaloTag (w876-1) Addgene Cat#29644; RRID:Addgene_29644

psPAX2 Addgene (deposited by Didier Trono) Cat#12260; RRID:Addgene_12260

pMD2.G Addgene (deposited by Didier Trono) Cat#12259; RRID:Addgene_12259

Human CRISPR Knockout Pooled Library 
(GeCKO v2)

Addgene (deposited by Feng Zhang) Cat#1000000048

pLenti-CMV/TO-3xFLAG-FAM193A-Puro This paper N/A

pDEST-CMV-Halo-FAM193A-polysite This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pDEST-CMV-Halo-FAM193A-fragment 1 (1–250)-
polysite

This paper N/A

pDEST-CMV-Halo-FAM193A-fragment 2 (251–
566)-polysite

This paper N/A

pDEST-CMV-Halo-FAM193A-fragment 3 (567–
882)-polysite

This paper N/A

pDEST-CMV-Halo-FAM193A-fragment 4 (883–
1203)-polysite

This paper N/A

pDEST-CMV-Halo-FAM193A-fragment 5 (1199–
1515)-polysite

This paper N/A

pcDNA3.1-CMV-MDM4c3 Jiandong Chen laboratory PMID: 27114532
PMCID: PMC4868482

pcDNA3.1-CMV-MDM4c3-deltaC This paper N/A

pcDNA3.1-CMV-MDM4c3-C463A This paper N/A

pLX304-MDM4-V5 CCSB-Broad Lentiviral Expression 
Collection

Cat#ccsbBroad304_00993

Software and algorithms

R Studio (v1.4.1106) with R (v4.1.0) RStudio, PBC N/A

FlowJo (v10.7.2) Becton, Dickinson & Company N/A

GSEA software (v 4.1.0) Broad Institute N/A

Ingenuity Pathway Analysis (v01-19-00) Qiagen N/A

bcl2fastq (v1.8.4) Illumina N/A

FASTQC (v0.11.2) Originator: Simon Andrews of Babraham 
Bioinformatics

https://
www.bioinformatics.babraham.ac.uk/
projects/fastqc/

fastx_toolkit (v0.0.13.2) Originator: Hannon lab http://hannonlab.cshl.edu/fastx_toolkit/

Bowtie2 (v2.2.3) Originator: https://doi.org/10.1038/
nmeth.1923

https://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

SAMtools (v0.1.19) Originator: Heng Li http://www.htslib.org/doc/samtools.html

FastQ Screen (v0.9.1) Originator: Steven Wingett and Simon 
Andrews

https://
www.bioinformatics.babraham.ac.uk/
projects/fastq_screen/_build/html/
index.html

fastq-mcf (v1.05) EAutils https://expressionanalysis.github.io/ea-
utils/

Picard tools (v2.9.4) Broad Institute https://broadinstitute.github.io/picard/

HTSeq (v0.8.0) Originator: Givanna Putri https://htseq.readthedocs.io/en/master/

RSeQC (v2.6.4) Originator: SCINet project and Iowa State 
University

https://rseqc.sourceforge.net/

DESeq2 (v1.18.1) Originator: Michael Love et al. https://bioconductor.org/packages/release/
bioc/html/DESeq2.html
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